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MEANS CHEMICALS? 


Chemicals for industry 

for agriculture . . . for health-giving 
drugs . . . are important 

by-products of petroleum research. 
Characteristic of the Schlumberger 
engineer is his cheerful 

acceptance of adverse operating 
conditions and long hours 


necessary to get the job done 


Schlumberger means Service 


Schlumberger Well Surveying Corp. e Houston, Texas 














Desilely f --» flas no formula 


A million jobs ago we learned no two wells were alike. And a quarter century of 


research finds no formula for cementing. Well completions side by side still have 
separate problems. The solution requires most careful analysis—of bore hole, 
drilling fluids, well conditions, formations, temperatures, depths, and differences in 
drilling practices. Then highly specialized tools, materials, and techniques are 
selected for each job. Such analysis has made cementing more and more successful. 
Operators regard it as a critical point in the history of a well. And geologists realize 
cementing is an important production tool. This has been established by the world’s 


most experienced cementers, who find that cementing has no formula. 


HALLIBURTON OlL WELL CEMENTING COMPANY 


DUNCAN, OKLAHOMA 
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a 
Eve: since O-C-T pioneered the first deep w@l 
casing head that provided casing seal apd 
suspension before blowout preventers weregre- 
moved, we have recognized the need forg this 
same safe, simplified type installation Pr 





medium priced — medium duty casing head Now, 
O-C-T research and study of casing he flexi- 
bility and safety have resulted in the gntroduc- 
tion of this new O-C-T “C-20” CasingyHead for 
medium depth wells. Check the featyges, advan- 
tages, and safety this new O-C-T hegd brings to 
the field . . . then write for the §° Brochure 
containing Engineering Nomograpp for Calibrat- 
ing Casing loads and Pressurps coe @ ot 
your 0-C-T Representative for getails. Available 
through more than 700 suppjy store locations. 


THE FIRST AND ONLY QUICK-SETTING, POSITIVE-SEALING 
WELL HEADS DESIGNED ESPECIALLY TO ELIMINATE OPEN 
HOLE HAZARDS IN MEDIUM DEPTH WELLS. 


1. Seals and suspends casing before blowout preventers are removed. 

2. Saves hours of costly rig time — simplifies installation. 

3. Sealing element, slip bowl and slips are assembled at the O-C-T plant as a 
single unit that may be wrapped quickly around the casing, latched and 
dropped into place from the derrick floor. 

It employs a resilient seal ring which provides an effective seal for the life 
of the well in any climate. 


Oil Lenter Tool Cs. P. O. Box 3091 Houston, Texas 


Export Representatives: Sterling Areas —le Grand, Sutcliff & Gell, Ltd., Rochester, Kent, England. Address 
Export Inquiries for All Other Countries to P. O. Box 3091, Houston 1, Texas 
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BAKER CAST IRON 
TYPE BRIDGE PLUG 


a 
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BAKER MAGNESIUM ALLOY 
TYPE BRIDGE PLUG 


YAR ON EES 


in performance 


Either the Baker CAST IRON Bridge Plug, or 
the MAGNESIUM ALLOY Type will set posi- 
tively, and prevent movement of fluid or gas 
either up or down the well, under any pressure 
safe for your casing. 

For temporary installations, with no dele- 
terious fluids present, the MAGNESIUM 
ALLOY Type is recommended. if the installa- 
tion is permanent, or if harmful well fluids are 
encountered, use the CAST IRON Type. 





FOR WIRE LINE SETTING 
contact any of these 
eading service organizations: 


THE FORQ ALEXANDER CORPORATION 
BIRD WELL SURVEYS 

BJ SERVICE, INC. 

THE.DIA-LOG COMPANY 

DOWELL INCORPORATED 

HUSKY_GUNS, INC. 

LANE-WELLS COMPANY 

McCULLOUGH TOOL COMPANY 

PERFORATING GUNS ATLAS CO 

RAM-GUNS, INC. 

SCHLUMBERGER WELL SURVEYING CORP. 

WELEX JET SERVICES, INC. 

THE WESTERN COMPANY 


SET ON WIRE LINE 


Although the Baker Bridge Plug can be set on tubing 
or drill pipe, wire line setting not only saves wear and 
tear on tubular goods, but the saving in time in deeper 
wells is an important advantage. Just call any of the 
wire line service organizations listed at left. 





DRILL OUT QUICKLY 


Baker Bridge Plugs are short, and have been designed 
with “drillability” in mind. The CAST IRON Type 
breaks up and drills out quickly. And the MAG- 
NESIUM ALLOY Type requires the absolute mini- 
mum of drilling-out time. 





DEPENDABLE 


Baker Bridge Plugs maintain a perfect pack-off against 
upward or downward movement of fluid or gas under 
any pressure that is safe for the casing and well 
equipment. 








BAKER BRIDGE PLUG 
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John R. McMillan, pictured on the cover, assumes the role 
of chairman of the Petroleum Branch for 1954 on February 






15. A biographical sketch telling of his rise in the Industry and 






a glimpse of his family life is found on page 63. Biographical 






information concerning Leo F. Reinartz and his views upon the 












presidency of the AIME are contained in an article on page 65. 






He takes over as Institute president for “54 this month. 
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more power! 


with Clark Model TRA Compressors 


Delivering substantially more power than any 
compressors of comparable displacement, the 
new Clark 2-Cycle Turbocharged Gas-Engine- 
Driven Compressors are the most important 
development in the industry today. 

Boasting a 50° power increase over non- 
turbocharged units of comparable size, the 
Model TRA delivers 825 to 1650 bhp per unit. 
This tremendous increase in output is accom- 
plished with no sacrifice of overload capacity or 
in the ruggedness and durability characteristic 
of all Clark Compressors. Actually, for their 
horsepower, Clark Turbocharged Compressors 
are the most rugged ever built. The conservative 
BMEP rating of 92, together with the massive 
construction of the Model TRA, bear this out. 

Where units of even greater output are re- 
quired, Clark offers the world’s most powerful 


gas-engine-driven compressor—the Turbo- 
charged Model TLA—rated at 2000 to 3300 


L 





bhp per unit. Compared to non-turbocharged 
compressors of the same displacement, the TLA 
produces 36% more power at the conservative 
BMEP rating of 101. 


While power output is vitally important in 
compressor design, economy of operation is even 
more important. Clark Turbocharged Compres- 
sors burn 12142% less fuel and require slightly 
over half of the cooling water used by non- 
turbocharged units. From these and other unique 
advantages, it is not hard to visualize the im- 
portant savings in installatior. and operation of 
Clark Turbocharged Compressors. 


For complete details, call your nearest Clark 
representative or write for Bulletin 130. 


CLARK BROS. CO. ¢ OLEAN, N. Y. 


DIVISION OF DRESSER OPERATIONS, INC. 
SALES OFFICES IN PRINCIPAL CITIES THROUGHOUT THE WORLO 


Turbocharged Compressors 


Clark sets the pace in compressor progress 





PERFECT 


‘CUSHION 


for FORMATION 
PIPE AND INSTRUMENTS 


JOHNSTON 
HYDRAULIC TESTER 


Eases Drill Stem Test bs 





Pressure Release 


@ In contrast with older drill stem testing 
equipment which allows sudden pressure 
release with resulting shock to formation, 
pipe and instruments, the new Johnston 
Hydraulic Tester eliminates build up of 
squeeze pressure when packer is set and 
slowly releases the pressure below the 
packer. Opening is in stages requiring three 
to six minutes. 


@ This compact and rugged Tester also 
lessens plugging, damage to wall of the 
hole and requires less water cushion. You 
get smoother, more positive interpretation 
of productivity. 


@ Positive in operation, the Johnston Hy- 
draulic Tester opens by applying the drill 
pipe weight — closes by removing the weight. 


JOHNSTON TESTERS, INC. 


POST OFFICE BOX 165 HOUSTON, TEXAS 


EXPORT DIVISION: 3035 Andrita St 


WokWe Wilke ca i-tmolo we Gel ii iclanl is! 
SERVICE BRANCHES IN ALL 


ACTIVE ARE ae 





Liquid Fuels 
From Oil Shale— 


A Critical Review 


A. C. Rubel 


Union Oil Co. of California 
Member AIME 


ABSTRACI 


Shale deposits of northwestern Colorado contain more 
than 100 billion barrels of recoverable shale oil from 
which, by processes now developed, high quality liquid 
fuels, gas, sulfur, ammonia, and petrochemical products 
may be produced. 


Experience during the past two years indicates that 
in the immediate future we face an increasing depend- 
ence upon crude supplies outside of the United States. 


Studies conducted by the National Petroleum Council 
indicate that a considerable proportion of this shale oil 
may he recovered and processed into products equal to 
those from natural crudes on the Pacific Coast at a cost 
closely approaching current prices from natural crude. 

It would therefore seem to be in the public interest for 
the petroleum industry and the Defense Department to 
thoroughly explore the possibilities of developing this 
great resource as a supplement to our domestic crude 
supply. 

Immediate industry study on an expanded pilot plant 
scale is suggested. 


INTRODUCTION 


Probably the greatest concentration of potential en- 
ergy to be found any place in the world lies in the oil 
shale deposits of the Green River Formation in north- 
western Colorado. Those deposits are capable of produc- 
ing billions of barrels of high quality liquid fuels, as well 
as large quantities of ammonia, sulfur, coke and fuel gas. 


There is a definite need to provide a larger available 
and dependable reserve of liquid fuel within our own 
territorial limits to augment our domestic production 
and, in case of war, enable us to be independent of im- 
ports if they are denied us by enemy action. 

It would therefore seem to be prudent and sensible 
tor both the oil industry and the Defense Department to 
take a very careful look at this vast resource. 





Information contained in this paper was presented 
recently in testimony before a Senate subcommittee 
investigating availability of strategic materials by 
A. C. Rubel, author and vice-president of Union Oil Co. 
of California. Nation-wide publicity concerning his testi- 
mony aroused interest in the publication of the pro- 
posal in its entirety. The JOURNAL OF PETROLEUM 
TECHNOLOGY presents this article in the form sched- 
uled for presentation at the Annual AIME meeting 
in New York. 
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~ SHALE OIL TO REFINERY 


Fic. 1 


The history of oil from shale is old. Liquid fuels from 
this source have been produced in Europe, particularly 
Scotland, for over a century. Because of the high cost of 
production, it has attracted little attention in the United 
States, although immediately following World War | 
rapidly declining reserves directed the attention of the 
U. S. Bureau of Mines and several companies to oil 
shale as a potential source of liquid fuels. 


GREEN RIVER AREA MINING 


A portion of the Green River area was set aside in 
1916 as a Naval Oil Shale Reserve. Subsequently several 
companies and many individuals acquired shale lands by 
filing and patenting oil shale placer mining claims. 

Some mining and retorting work was attempted by the 
Bureau of Mines, but because the basic concept at that 
time was a small volume mining operation followed by 
batch retorting, the production costs were prohibitive 
and the subsequent abundance of crude oil during the 
middle 1920’s caused the work to be abandoned. 

In 1944 the Congress authorized an expenditure of 
$30,000,000 for synthetic fuels research and demon- 
stration work. The U. S. Bureau of Mines was instructed 
to investigate the commercial possibilities of shale oil 
production. 

Because of the enthusiastic, and sincere pronounce- 
ments of the Bureau concerning the possibilities of shale 
as a competitor of natural crude, and because some of 
the proponents of Government control then so prevalent 
in our administration seized upon these statements as 
another excuse to put the Federal Government into the 
oil business, a great controversy arose between the 
Bureau and segments of the industry. 

As a matter of fact, some oil companies went far out 
of their way to discredit the constructive efforts of the 
U. S. Bureau of Mines and others to bring the possibili- 
ties of shale to the attention of the industry. Charges and 
counter charges flew and everyone, including the partici- 
pants in the row, became much confused. 

The Secretary of the Interior in April, 1950, requested 
the chairman of the National Petroleum Council to 
undertake an industry study of the cost of producing 
liquid fuels from shale and coal. 


STUDY PUBLISHED 


A committee designated “Synthetic Liquid Fuels Pro- 
duction Costs” under the chairmanship of W. S. S. 
Rodgers was formed. Appropriate technical subcommit- 
tees were appointed, and a detailed analysis of liquid 


"References given at end of paper 
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fuel production costs from both shale and coal was 
made. Results were published in thoroughly documented 
form on Oct. 15, 1951, under the title “Synthetic Fuels 
Production Costs.” 

The study was based upon the excellent mining work 
done by the U. S. Bureau of Mines at the Rifle (Colo.) 
Experimental Station, on the retorting studies and pilot 
plant work of the Union Oil Co. of California at its Wil- 
mington (Calif.) plant augmented by the work of the 
Bureau of Mines. Also it was based on the refining ex- 
perience of the industry, particularly the work of the 
Union Oil Co. on the low gravity, high sulfur crudes of 
California’s Santa Maria Valley. 

Since the studies were carefully made by the ablest 
men available in the industry with help from many out- 
side sources, the results are certainly the best technical 
and economic data available as of that time. The con- 
of the many assumptions 
which were required in the studies are subject to various 
interpretations 

This paper concerns itself only with oil shale, and the 
author has felt free to draw liberally upon the N. P. ¢ 
report 

Currently there seems to be a reawakening of interest 
in shale oil, as evidenced by the fact that several major 
oil and chemical companies have recently acquired large 
blocks of shale land, and others have added substantially 
to blocks already owned. Because of this interest, it is 
the purpose of this paper to present the facts about oil 
shale as we know them, and then to exercise the prerog- 
ative of an author and indulge in some speculation or 
romance, if you please, about the future. 


clusions, however, because 


WHAT 


Raw MATERIAI 


WE KNOW ABOUT OIL SHALE 


In the Green River Basin of northwestern Colorado is 


an area of approximately 1000 sq miles underlain by oil 
shale 500 ft thick and averaging 15 gals. of recoverable 


oil per ton 


The 
“Mahogany I edge, , 
averages 30 gals. per ton 
recoverable shale oil in this portion of the deposit alone 
runs from 85 to more than 100 billion bbls. If the entire 
SOO ft is considered as productive, the recovery figure 


lower portion of this measure, Known as the 
ranges up to 100 ft in thickness and 


A conservative estimate of the 


may be increased to 370 billion bbls 


only 


considered. 


recoveries 


These 


of this discussion, 


“Mahogany 


For the 
from the 
figures fantastic as they may appear, are quite accurately 
The deposit has been measured and sampled 


purpose 
Ledge” are 
determined 
around its outcrop, and the interior values are substan- 
tiated by many diamond core holes drilled by the U. S 
Navy and several oil companies whose data have been 
made available to the U. S. Geological Survey and the 
Bureau of Mines. The figures quoted are those of the 
Bureau, but they are easily substantiated by anyone in- 
terested 

The following tabulation shows the ability of the shale 
deposit to supply shale oil for various size plants: 


of Oil-Shale Industry in Relation to National 
Demand for Oil and Shale-Oil Reserves 


Size 


Ket 








COMPARISON OF AVAILABILITY 








CRUDE OIL & SHALE O/L 


Oi. Fieuo with Normat DEVELOPMENT 
AND COMPETITIVE CONDITIONS 


SHALE O/L 
—% 


ee eee ee eee 





\ 
\ 


a 


FIRST 20 YEARS \ 


CrRudE Olt = 300-3/0 MILLION BBLS. 
SHALE OIL = 3/0 





AVG 43d S1azyueuvVg 


»” ” 





Oi FIELD UNDER UNIT 
\ OPERATION OR CONTROLLED 


‘“ 


SECOND 20 YEARS 
60-75 Mition BBLS. 


wt 





AVG 43d SsTayuevVg 


~~ Cruoe Olt 


oh 
™~ SHALE OM 
~s 


Mt 














HYPOTHETICAL ILLUSTRATION FACTOR 
Fietp UNpeER COMPETITIVE 
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The accuracy of the estimated shale oil in place and 
its potential recovery is probably of a much higher order 
than that used for reserve estimates of natural crude. 


There are known deposits of oil shale in other parts ot 
the country but because of higher yield, accessibility 
and better adaptability to large tonnage mining only the 
Colorado deposits are considered in this paper. 


Let it be emphasized — for herein lies the greatest 
future economic advantage of oil that no 
further “finding costs” are necessary. Here are 100 
billion plus bbls of recoverable shale oil that requires no 
further expense to “find” and only minor expenses in 
diamond drilling to make available for exploitation. This 
very real item of the cost of new oil was not given sut- 
ficient weight in the N. P. C. determinations 


shale 


MINING 


The Bureau of Mines in its “experimental mine” at 
Rifle, demonstrated that an adaptation of “room and 
pillar” methods used in coal, salt and limestone mines, 
can be safely employed for shale and that by supple- 
menting breast mining on approximately a 40-ft slice 
with quarry practice for an additional 40 or more feet 
using pillars to support the roof, almost complete mech 
anization can be accomplished and an output up to 150 
tons per man shift may be realized. This compares to a 
per man shift output of | °2 tons in the coal industry 


The Bureau has developed and is still working on 
more efficient methods of drilling, better use of explo- 
sives, design and use of special mechanical equipment 
for hauling and handling, and for many other mining 
operations.” 

The N. P. C. report estimates the cost of mining and 
the delivery of the crushed shale to the retorts, on the 
basis of a 20,000-ton per day unit, at from 54 to 56 
cents per ton. 
tance from the outcrop. 


This will increase gradually with the dis- 


Some doubt has been expressed as to the practicability 
of mining such volumes as 250,000 to 500,000 tons ot 
oil shale per day, that being much larger than even the 
largest Open pit operation in the world today. The 
answer is that such a volume would not be produced 
from one mine but from many, each operating as a unit 
rhe mining sub-group of the N. P. C. estimates that ap- 
proximately 20,000 tons per day is the optimum out- 
put for a single mine unit. The committee has located 
25 separate mine locations and many more are available. 


Calculations show that 1.4 sq miles of the “Mahog- 
any Ledge” will support a 20,000-ton per day mine for 
20 years. This is equivalent to 88,000,000 bbls of shale 
oil, or in oil field terms, to roughly 100,000 bbls per 
acre actual recovery, making due allowance for pillars 


and retort losses. 


CRUSHING AND CONVEYING 


There are no new or unique problems in crushing and 
conveying. Standard mill practices are employed, using 
the largest available gyratory crushers for primary and 
smaller gyratories for secondary crushing. 
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RETORTING 


The old method of batch retorting still used in Scot- 
land was the most formidable bottleneck to be overcome 
if shale oil production costs were to be brought within 
reasonable limits. 


The conditions surrounding the Colorado deposits 
impose certain restrictions upon retorting to bring it 
within economic limits. It must not require large vol- 
umes of water, the retorts must be located so as to take 
advantage of topography in disposing of the spent shale 
after the oil has been removed, and to avoid excessive 
milling costs they must not require fine grinding. 

In 1948 Union Oil Co. of California developed on a 
3-ton per day scale a continuous retort which used no 
cooling water and recovered practically 94 per cent of 
the assay value of the shale. This was later developed 
into a SQ-ton per day unit which has demonstrated satis- 
factory performance on sustained runs. A unit of 1000 
tons has been designed on the basis of the 50-ton pilot, 
and no difficulties in its construction or operation are 
anticipated. 

The retorting estimates of the N. P. C. 
based on the performance of the Union Oil Company's 
SO-ton unit. 


report were 


The Bureau of Mines at Rifle is currently testing a 
“gas combustion” type of continuous retort of several 
hundred tons per day design capacity, likewise de- 
trom a small experimental Numerous 
idvantages are claimed for this unit and tests to date 
indicate very satisfactory performance. 


veloped unit. 


Other types of retorts were proposed and studied, but 
all of them require finer crushing and the use of large 
volumes of water. For these reasons, the Union type 
was selected as the most adaptable to the conditions 


at that time. 


Using the Union Oil Co. retort as an example and 
assuming a 1000-ton per day unit, the N. P. C. report 
shows an oil yield of 94.1 weight per cent, or 91.6 
volume per cent of the assay value of the shale. The 
crude shale oil produced has the following character- 
istics: (a) high nitrogen content, (b) high pour point, 
(d) absence of low 


(c) substantial unsaturation, and 


boiling fractions. 


is as follows: 


Analy 


Properties of Shale Oil 


Specific Gravity 60°F. 
Distillation (50 mm. vac.) “F 
Gravity, “API 60°F 


Initial 402 
10 536 
20 
30 692 
40° 764 
50° 
60° 836 
70% 865 
80° 889 
90 Cracked 
Water, ‘ 0.1 
Ash, Wt. ° 0.03 
Conradson carbon, % 4.57 
Viscosity, SSU 100°F 233 
Viscosity, SSU 210°F 46 
Pour Point, °F 90 
Sulfur 0.77 
Nitrogen, wt. ° 2.01 


wt. % 
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GUIBERSON 65 TON SW 


A TRIPLE DUTY TOOL IN A 
CLASS BY ITSELF FOR 


REVERSE CIRCULATION 
GAS DRILLING 
CONVENTIONAL CIRCULATION 


For Reverse Circulation 


Guiberson’s 65 Ton Swivel gives you triple your 
money’s worth because it does triple duty in the field. 
Used with Guiberson’s famous Full-Floating Wash Pipe, 
it is without equal for slim hole drilling, work-overs 
and cleanout work and for drilling in with reverse 
circulation. 








For Gas or Air Drilling 


For gas or air drilling, the 65 Ton Swivel with Full- 
Floating Wash Pipe is gaining rapid popularity for its 
time and labor saving efficiency. Wash Pipe never needs 
adjustment and requires no more attention than regu- 
lar greasing. Packing assembly is fast and easy to re- 
place, goes in without disconnection of gooseneck or 
hose. 


FULL-FLOATING * mm CONVENTIONAL 
WASH PIPE\ — RT: 


For Conventional Circulation 


When used with conventional washpipe and packing, 
the 65 Ton Swivel does a top-notch job of conventional 
circulation. But whether you need this “workhorse” for 
one job or all three, it will give you rugged, dependable 
service. Buy it with either the Full-Floating Wash Pipe 
or Conventional — add the other when and as needed 
— you'll save time and money in the field. 





More than a third of a 
century's experience serving 


the oil industry. 





Gas produced by retorting amounts to 13,500 cu. ft 
per ton and has the following composition 


Component Mol % 


Ar 

Nitrogen 

Argon 

Carbon Monoxide 
Carbon Dioxide 
nydrogen 
Hydrogen Su fide 
Methane 
Ethylene 

Eihane 
Propy.ene 
Propane 

Bu. yiene 

Buiane 

Pentenes 


w 
Nh 


Cc 
—~—-WNUWA DAO wD NNOWO 


COoCCOOCOKoNnwS 


ra) 
5 
° 


Average Molecular Weight 32.44 
Gross Heating Value 83.3 Bru SCF 


The proposed plan of operation is to locate the crush- 
ing and conveyor equipment and the retorts at the portal 
ot each mine. Spent shale will be dumped into the can- 
yon and the shale oil transported by pipe line from each 
battery of retorts to a centrally located refining installa- 
tion. 

A producing unit will consist of one 20,000-ton per 
day mine, a crusher and conveyor system, a battery of 
1000-ton per day retorts, an oil gathering system, and 
such auxiliary equipment as may be necessary. As many 
of these producing units may be installed as will be 
needed to produce the required volume of oil. 

The proposed Bureau of Mines retort would function 
in exactly the same manner in the proposed flow sheet, 
although the products and volumes are slightly different 


SPENT SHALE DisPposaL 

The disposal of spent shale presents no serious prob- 
lem. There is sufficient capacity in the canyons below 
the elevation of the retort location to handle the shale of 
each production unit largely by gravity, with a minimum 
of difficulty, using conveyor boom spreading during 
later stages. 

Covered flumes to carry abnormal drainage may be 
necessary in the narrower canyons and a few check 
dams and bulkheads will be required at some of the 
canyon mouths. 


Leaching tests on the spent shale show no concentra- 
tion of harmful substances sufficient to cause trouble if 
received into the general drainage. 


REFINING 


Like crude oil, shale oil as such has a very limited 
immediate use. Its potential value can be realized only 
by refining. Because of high viscosity and high pour 
point, it is extremely difficult and costly to transport and 
will have to be at least partially refined before it is taken 
to points of utilization. 


In the N. P. C. study, the shale oil is first cracked to 
naphtha, gas oil, and coke. The cracked distillate is then 
catalytically hydrogenated to high gravity, sulfur- and 
nitrogen-free naphtha and gas oil which are shipped io 
the West Coast as charging stock for conventional re- 
fining operations. 

The hydrogenated naphtha and gas oil are comparable 
in quality to the fractions of the same boiling range 
obtained from crude oil in distillation. However, par- 
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tially refined shale oil is worth much more to 4 refiner 
than the best grades of natural crude oil, as it contains 
no low-value residual fractions. 

There is nothing particularly new in this process. It 
has been used in substantially the same manner for high 
sulfur crudes on the Pacific Coast and it has been suc- 
cesstully applied on shale oil in pilot plant operations by 
the Union Oil Co. of California and the U. S. Bureau of 
Mines at the Laramie (Wyo.) station. 

Principal by-products of shale retorting and refining 
are tuel gas, coke, sulfur and ammonia which, together 
with many other products extracted from the crude shale 
oil, can furnish the raw materials for a number of 
chemical and petro-chemical industries. 


WATER SUPPLY 


The findings of the N. P. C. committee and subse- 
quent studies of the Colorado Water Conservation Board 
indicate that there is ample run off in the Colorado 
River above Grand Valley to meet the total requirements 
for a production of 1,000,000 bbls of shaie oil per day 
without seriously depleting the supply.‘ Only a part of 
the diverted water will be actually consumed, the bal- 
ance being returned to the river. 

The following tabulations show the approximate di- 
version and consumption figures, based on a 2 million 
bbl operation: 

315 cu ft sec 


200 cu ft sec 
115 cu ft sec 


Total water diverted 

Total Water consumed 

Total water returned 

Because of the seasonal nature of the flow, it will be 
necessary to store flood waters during spring run off to 
supplement low rates of Now during the dry seasons. 
This will be accomplished by dams and reservoirs. 

It is contemplated that such work will be done by 
State and Federal agencies and that the shale industry 
will buy its water at the then current rates. Water costs 
in the N. P. C. report are based on this procedure. 

It should be noted, however, that although the water 
requirements of the shale oil industry itself are not large, 
the requirements of other industries which will inevitably 
be attracted to the area will probably be much greater; 
and unless some provision tor future use is made now, 
before any major part of the supply is pre-empted for 
other uses the possibility of a great industrial expansion 
may be foreclosed. 

These, then, are the most important things which have 
been factually determined or of which we have reason- 
able knowledge in relation to the future potentialities of 
shale oil production. 


ECONOMIC CONSIDERATIONS 


There are likewise facts relating to the economics 
which are basic to the consideration: 

Because of the very small consumer market in 
the vicinity of the shale deposits, the great bulk of the 
products must be transported to areas where markets are 
available. The most logical market, particularly because 
of its apparent limited future crude supply and its pre- 
dicted future growth, is the Pacific Coast, and particu- 
larly Southern California. An alternate would be the 
Mid-Continent or Chicago area. In either event, a pipe 
line from 800 to 1,000 miles long would be required. 

Because large volume production is necessary to 
achieve low unit costs and 40,000 bbls per day through- 
put is about the minimum for profitable pipe line opera- 
tion, it would seem that a production of the order of 
$0,000 bbls per day of shale oil, producing 40,000 bbls 
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ROYAL SCINTILLATOR 


ACCURATELY DEFINES THE 
LIMITS OF OIL FIELDS... 


The advent of the Royal Scintillator marks the first 
important advance in oil exploration in many years. 

This highly sensitive Scintillator is the first commer- 
cially available instrument specifically designed for sur- 
face and airborne oi! field surveys. 

The Royal is both 4 scaler and ratemeter and employs 
a scintillation counter as its detecting element. It has a 
very large crystal and a fast counting circuit which result 
in an exceptionally high counting rate. Although designed 
for oil field surveys, the Royal is also ideally suited for 
Uranium exploration. 

The Royal Scintillator is designed and manufactured 
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of liquid products, would be necessary as a commercial 
venture. Such a production would involve the operation 
of four mines of 20,000 tons per day output each, with 
corresponding retorts and facilities, and a centrally lo- 
cated refinery of sufficient throughput capacity to pro- 
cess the resulting shale oil. 


Such a plant would represent an investment of the 
order of 300 million dollars. Multiples of a single instal- 
lation may be built at much less investment per plant. 
The requirements and products of such a plant are 
approximately as follows: 


Produced in Colorado Per Day 


78,600 tons 

17,340 bbls 

23,640 bbls 
24,830 M.C.F 

1,180 tons 

92 tons 

43 tons 


Shale 

Unfinished gasoline to be piped to California 
Unfinished gas oil to California 

Excess fuel gas (1060 Btu SCF 

Coke 

Ammonia 

Sulfur 


Produced in California 


12,690 bbis 
12,690 bbis 
12,200 bbls 
340 bblis 
1,780 bbls 
39,700 bbis 


Premium gasoline 
Regu!ar gasoline 
Diesel fuel 
Fuel oil 
L.P.G. 
Total 
N. P. C. further estimates the cost of gasoline pro- 
duced in Los Angeles from the products of such a plant 
to be 16.2 cents per gallon. These figures are based on 
costs as of Jan., 1951, and are subject to adjustment for 
both increased labor and material. On the other hand, 
prices of gasoline and other products at Los Angeles 
have increased in the interim. 


Increasing total output will lower the unit costs. The 


report further estimates that a five-unit plant (250,000 
bbls per day throughput) would result in a cost of 14.1 
cents per gallon. Comparable current gasoline price in 
Los Angeles is 13.1 cents. 


The N. P. C. estimates are certainly as accurate as 
could be determined; but in the writer’s opinion, there 
are two very fundamental considerations which were not 
given weight in the estimate and which have a large 
bearing upon the final costs. These are: 


1. Crude oil prices were taken at current postings 
and compared with shale products to be produced five 
to 10 years in the future. Even the most optimistic of our 
geologists and economists will admit that new domestic 
crude reserves are becoming more difficult and more 
expensive to find, as evidenced by the steadily advancing 
crude postings. (California 27° API gravity Signal Hill 
crude advanced from $2.41 of the date of the estimate 
to a current posting of $2.76.) 


Average crude runs at the refinery in California con- 
sist Of approximately 70 per cent crude from old fields 
where finding costs were very low, probably of the order 
of 10 cents to 25 cents per barrel, and the balance from 
relatively high cost crude. The writer does not believe 
anyone knows the present cost of finding new oil in the 
United States today, but is sure that it is no less than 50 
cents and probably much closer to $1.00 per bbl. 


As the old fields decline, as they inevitably will, in 
spite of secondary recovery or anything else, the oil must 
be replaced at a much higher cost. The effect of this will 
close the gap between the cost of products from shale 
and from natural crude much more rapidly than has 
been supposed. It is also reasonable to expect that future 
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research in the new techniques of shale mining, retorting 
and refining will yield improvements and economies 
greater than we can visualize. 

2. A second and even more vital consideration in 
speculating upon future crude supply is the question of 
availability. 

The producer has little control over the rate of pro- 
duction of an oil field except when such field is at its 
peak, and from that point on, natural decline exercises 
the dominant influence. Conservative production prac- 
tices, pressure maintenance, water flooding and other 
manipulations will slow down decline and in many 
instances substantially increase recovery for a time. But 
in the final analysis the reservoir characteristics, not the 
operator, set the pattern; and in the final stages, it 
requires a large developed reserve to maintain a rela- 
tively small current output. 

With production from oil shale, such is not the case. 
The reserve is measurable in advance of production and 
the producer is able to set any desired rate of production 
and know accurately how long he may produce at that 
rate without decline and without the expensive uncer- 
tainty of having to constantly establish new reserves in 
order to maintain productive rates. In other words, shale 
reserves may be recovered at a predetermined rate to the 
last ton of mineable shale. 

Study of Fig. 2 

Fig. 2 is a hypothetical illustration of this important 
factor of availability. The two curves represent the pro- 
ductive life of the same oil field under different produc- 
ing procedures. The upper curve indicates the normal 
development of the field under the usual competitive 
conditions, while the lower curve shows what might be 
accomplished at a top of 50,000 bbls. per day if the field 
were produced under complete control. 

Superimposed upon these curves is the shale oil pro- 
duction of a 50,000 bbl. per day shale oil unit. You will 
note that this unit contains the same producible oil as 
the field under controlled operation, but that it starts 
in full production and continues in full production to 
the exhaustion of that particular block. Additional 
blocks may be added as indicated. 

Availability of shale oil becomes particularly import- 
ant at the end of 16 years on the curve. The field 
declines then must be replaced by another field or fields 
of sufficient capacity to maintain the 50,000 bbl. per 
day production rate. 

Secondary recovery may extend the period of maxi- 
mum output and may slow down the decline, but only 
to a limited extent. 

Can we depend on finding this field or fields? What 
will the new oil cost us? Will the supply be available to 
the facilities installed and operative? 

These are the considerations that must be most care- 
fully appraised in considering shale oil as a supplemen- 
tal source of civilian supply and as a compelling reason 
for its inclusion as a defense measure. 

All of this, of course, is limited to considerations of 
domestic production only and therefore brings into the 
picture crude imports which are beginning to play such 
an important part in our total supply. 


Imported Crude 
It must be granted that the cost of imported oil under 
our present conditions establishes a ceiling upon the 
price of domestic crude; and unless restricted voluntarily 
or otherwise, will tend to supplant such domestic crude 
whese cost of production is in excess of that ceiling. 
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It remains to be seen at what price foreign producers 
can supply crude to buyers on the Pacific Coast. The 
indications at present are that it is very close to present 
California postings for the same grade. 

If that be true, then shale oil can and will compete 
when the demand becomes great enough from those 
refiners not having their own foreign supplies. If foreign 
crude can be sold in Southern California at a lower price, 
then shale oil will not be able to compete until costs 
equalize and its commercial development will be indefi- 
nitely postponed. 

This immediately poses the question now seriously 
occupying the attention of many domestic producers 
who have no foreign sources: How much foreign crude 
will be imported, and if it can be sold on the Pacific 
Coast cheaper than domestic crude, will it gradually sup- 
plant that crude? 

An economic comparison of shale and petroleum 
reveals that commercial shale operations are very nearly 
within reach at current Pacific Coast postings. Drawing 
on the N. P. C. studies, here are a few figures which 
demonstrate this fact. 

If we spend $300,000,000 to develop a production of 
40,000 B/D of partially refined shale oil, and if the 
mines and facilities are assumed to have a life of only 
20 years, we will produce a total of 300,000,000 bbls. 
during this period. The average investment of $1.00 per 
bbl. is not far from the current cost of finding and 
developing new petroleum reserves. Since both the mines 
and plants would be maintained in good operating con- 
dition, and since further shale reserves could be tapped 
with a relatively small additional investment, the long- 
term average investment per barrel would in all proba- 
bility be much less than the indicated figure. 


Cost Per Barrel of Crude 


To compare the operating margins of shale and petro- 
leum, let us look at the published figures for several 
petroleum producing companies with net oil production 
of about the same order of magnitude as the proposed 
shale operation. Four such companies showed in 1951 
an average total expense (before income taxes) of $2.30 
per bbl. of net crude oil produced. Their production, 
including the value of gas and natural gasoline, was 
worth an average of $3.05 per bbl., leaving a margin 
before income taxes of $.75 per bbl. of net crude oi 

Partially refined shale oil can be laid down at Los 
Angeles at an average cost of $2.65 per bbl. We estimate 
that a reasonable price for this material, comparable to 
the posted price for crude oil but taking into account the 
higher proportion of light fractions in shale oil, would be 
about $3.70 per bbl. Thus, on a 1951 price basis, the 
shale oil margin before income taxes would be $1.05 per 
bbl. Whether this margin is sufficient to attract the 
amount of risk capital needed for the shale undertaking, 
the author does not know. However, these figures make 
it clear that the shale operation is not too far from 
economic feasibility even today. 

The basic difference between the financing of a shale 
oil operation and an oil field is that in the first instance 
practically the entire investment in mines, retorts, pipe 
line, refinery and auxiliary facilities must be made before 
production starts, while in an oil field capital expendi- 
tures are dependent on rate of development and returns 
start usually after completion of the first well. Such an 
advantage as this may be is offset to a large extent by 
the absence of finding cost and assured availability. 

If it can be accepted that mining, retorting and refin- 
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ing of oil shale are technically feasible and not too far 
out of line economically, then two more questions pre- 
sent themselves: 

1. When should development take place? and 

2. How should such development be accomplished? 

To answer the first question, it is the opinion of the 
writer that in the best interests of the public, the na- 
tional defense and the petroleum industry, development 
work on a scale large enough to integrate the principal 
elements of mining, retorting and refining should be 
started at once and continued at least until the process 
could, if required, be expanded to commercial size with- 
out further experimental or design work. 

This procedure is in the public interest (aside from 
national defense) because events of the last two years 
have demonstrated that we cannot depend solely on 
domestic production to meet our total demands: we 
must look to outside sources to meet the deficit. 

For the predictable future there seems to be ample 
foreign crude available to meet this deficit, but it would 
not be prudent (again aside from military considera- 
tions) to become too dependent upon foreign sources 
over which we do not have complete control, when we 
have a competitive source of crude within our own ter- 
ritorial borders 


National Defense 


Ihe proposal to begin private development work on 
oil shale is in the interest of the national defense be- 
cause we Cannot permit our future security to be de- 
pendent upon foreign crude which may be denied us 
in whole or in part by early enemy action as was the 
case in World War II. 

Our defense planners have devised and suggested 
numerous ways of providing a producible cushion or 
stockpile of crude available in case of emergency. A 
development such as the Elk Hills Naval Reserve in 
California is One attempt at the solution of the problem. 
At best, it can only supply a small amount of the 
probable West Coast requirements and can only be a 
relatively small element in the overall plan. Its cost is 
large, both for development and for standby. 

The purchase and storage of oil in abandoned mine 
working and quarries is another suggestion. This will be 
both very expensive and impractical for large volumes. 

The “stockpiling” of presently developed reserves by 
the import of crude and the shutback of correspcading 
amounts of domestic production is likewise a device 
receiving much attention. This would be a _ logical 
approach if some method can be devised to properly 
compensate the producer whose reserves are affected 
instead of giving all of the advantage to the importer. 


Production Cutback 


Some of the present cutback of production has 
already reached the proportions of endangering the 
financial position of many producers in Texas, Okla- 
homa, Louisiana and elsewhere. It is justified by the 
importing companies in the interests of national defense 
and given support by statements from the Defense 
Department as a part of an announced plan to maintain 
a million barrel per day available production in reserve 
for emergency use. Such a procedure will not work, 
however, unless the burden is better distributed to com- 
pensate the shut-in producer so he may continue his 
business. 

There is, 
but in the 


perhaps, some merit in all of these plans, 


development of oil shale we have the 
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Anticipated The most effective mud programs consider the formations to 


be drilled from spudding to completion, the equipment to be 
used, the amount of money to be spent, and the results that 
are to be achieved. 

More than a quarter-century of Baroid research and 
experience provides your Baroid field man with the necessary 
information to help you plan your mud program . . . before 
the well is spudded in . . . and to solve mud problems while 
drilling. Baroid’s complete line of field proved mud products, 
developed during years of drilling progress, are always 
available, everywhere, and are being continually improved to 
solve new problems. 

Baroid field service engineers are available to assist you 
in your mud program planning. Use their services regularly 
for mud control that provides faster, safer, more economi- 
cal drilling. 


mud problems 


Baroid engineers have compiled a series of 
trouble shooting charts to help you solve your 
drilling mud problems. The charts can not pre- 
scribe a trouble-free mud for all conditions. They 
DO provide suggestions on specific mud prob- 
lems encountered during the various phases of 
drilling your well. Write for your copy now. 
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your mud program before spudding in, where you 
know the formations likely to be encountered; 

and to help you out of difficulties encountered while 
drilling. Send for your personal copy today. 
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perfect answer for at least a considerable portion of the 
requirements. 

Here is a completely new source of liquid fuel of 
known dimensions which can be rapidly developed in 
almost any volume desired at a determinable cost 
probably much cheaper than any of the schemes pro- 
posed. 


The public is entitled to the most reasonable and 
surest source of supply of liquid fuels consistent with 
our overall economy, and it is industry’s responsibility 
to develop such a supply. Oil shale represents a pos- 
sible source of that supply and industry thus far has 
not given it fair and impartial consideration. 

If industry does not “carry the ball,” then the Fed- 
eral Government will — and we may well wind up with 
a T.V.A. in the oil business created by our own default. 


How shall such a development be accomplished? 


We must all agree that there is no reason at this 
time to suggest the building of a 50,000-bbl per day 
shale oil plant at a cost of 300 million dollars. It is 
difficult to say when such a plant will be justified, 
although it can be readily demonstrated that we are 
spending greater sums currently for much smaller avail- 
able reserves both at home and in foreign countries. 


It is important, however, that we know how to build 
such a plant quickly when the need does arise and the 
time to start is now. This can be accomplished with an 
expanded type of pilot plant from 1,000 to 1,500 bbl 
per day output, permitting the employment of produc- 
tion units of such size that the knowledge gained could 
be translated into a full size operation in a very short 
time. 

Once this is accomplished, and it can be done in from 
two to five years, even thought it may be desirable 
to put it “fon the shelf” for emergency use, the pro- 
duction subsequently can be expanded as rapidly as 
required. We should not have a repetition of the frantic 
and fantastically expensive development of synthetic 
rubber, toluene and other products of World War II. 


Cost of Operation 


If only retorting studies are made shipping the crude 
shale oil to the interested companies for further refin- 
ing work, such a plant would cost approximately 4 
million dollars for two years’ operation. 


If prototype coking and hydrogenation equipment 
were added, the cost would run from 7!2 to 10 million. 


Such a project would utilize shale at production cost 
from the present Bureau of Mines mine and would be 
located on lands leased from the Naval Petroleum 
Reserve. 


If the petroleum industry is unable to finance and 
operate such a unit and if, as the writer believes, such 
a development is a vital matter to our national security, 
then it would seem logical to propose a cooperative 
development between the Defense Department and the 
industry. 


Industry should design, build and operate the plant 
on a cost basis without profit. 

This is not putting the Government in the oil busi- 
ness as some will say — quite the opposite: it is the 
same procedure as financing the design and construc- 
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tion of military jet planes by airplane manufacturers 
or the development of the atomic submarine. It is the 
cheapest insurance against a serious and perhaps a 
critical shortage of liquid fuels in time of war. 

The chemical industry has also shown interest in 
shale as a source of raw materials because of the high 
yields of ethylene and olefinics to be derived from the 
crude shale oil. The economics are quite different from 
those of liquid fuels. 

Shale oil at the retort which may be produced at 
approximately $1.25 per bbl has an even greater value 
as a raw material to the chemical industry than a 
finished product or a natural crude at a much higher 
cost. There is also a potential value in the retort gas 
as a source of acetylene. 

It is quite possible that the chemical industry may be 
the first to start commercial development of oil shale 
as a source of raw material for that rapidly expanding 
business and they would probably participate in the 
proposed plant. 


SUMMARY 


In summary, therefore, it may be said that: 


1. We have at least 100 billion bbl of liquid fuel 
available in the shale deposits. 

2. The techniques of mining are sufficiently developed 
to permit immediate commercial operation and with 
a relatively small amount of additional pilot work, a 
plant of commercial proportions may be constructed 
which can deliver semi-refined shale oil to the Pacific 
Coast refineries at costs closely competitive with cur- 
rent crude prices. 

3. We have future need for large producible reserves 
to supplement the crude within our territorial boundaries, 
particularly in the event of a war. 

4. The shale deposits appear to offer one of the most 
available sources of such reserves. 

5. The time is ripe for industry to take immediate 
steps to develop a plant, either alone, in conjunction 
with the chemical industry, or in cooperation with the 
Department of Defense. 

It would, therefore, seem that in the not too distant 
future we may see the start of a shale oil industry. 
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SANDFRAC SERVICE USED TO 
INCREASE PRODUCTION 
FROM LOW-SOLUBILITY FORMATIONS 


Kconomical Fracturing Treatment Developed by DOWELL 


Recommended for Sandstone, Conglomerate 


and Dolomitic Formations 


Old producers as well as new completions have been successfully 
fractured with Sandfrac. This chart illustrates its &Fectiveness. 
Vote especially that both treatments resulted in greater production 
than when the well was first completed. Payout time was less 
than five days on the first job . . . less than six days on the second. 





Dowell designs and builds its own pumping and mixing equip- 
ment to assure you the most effective Sandfrac service. Shown 
here is a late model diesel pump unit, constructed especially for 
use in well fracturing services. 


Sandfrac* service is designed to increase oil production from both 
old and new wells. It has resulted in higher recovery rates and a 
boost in total recoverable reserves from hundreds of leases. 


A Sandfrac treatment basically involves the displacing of oil and 
sand into a producing formation. And, after the fracturing oil 
returns to the well bore, the sand remains in the formation to 
act as a propping agent in existing and newly created fractures. 
Thus, the effective drainage area of the well is increased. 


The sands used in Sandfrac treatments are carefully selected 
and are mixed in the oil, using specially designed mixing equip- 
ment. The grain size and the quantity of sand*used can be varied 
to meet your specific well conditions. A recent trend in the use 
of sand, for example, calls for batch treatments—a fine-grained 
sand followed by a coarse-grained sand.** The fine sand helps 
to prepare the formation for the coarse one which follows. This 
method helps to eliminate sand screen-outs which can occur in 
treatment of some dense, tight pay zones. 

The fracturing materials used to support and carry the sand are 
special, refined oils of medium gravity. These oils are carefully 
selected for their sand-suspension characteristics and pumpability. 
They may be resold by the operator following the treatment. 


Sandfrac is economical, fast and requires no special well equip- 
ment or shut-in time. 

Dowell engineers bring all materials, along with high-pressure 
pumping equipment, right to your well. They perform the job for 
you—their experience on thousands of these jobs benefits you. 


Sandfrac is an adaptable service. It can be used both to complete 
and to retreat wells. It provides many advantages for the operator 
—each one designed for profitable results! It has been proved in 
use many times in a variety of formations. Why not look into 
this low-cost fracturing service? For full details on Sandfrac, call 
the Dowell station or office nearest you. Or, if you prefer, write 
directly to Tulsa, Department B-15. 


*A Service mark of Dowell Incorporated 
#**U.S. Patent No. 2,354,570 
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SANDERAC 


Sandfrac is customarily applied under a packer or retainer 
However, when well conditions and equipment permit. 
treatments can be made down the casing with or without 


tubing and rods in place. 
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OWELL SERVICE 


Acidizing © Fracturing @ 


Paraffin Solvents ¢ 


Electric Pilot 
Bulk Inhibited Acid 


Perfojet 
Jelflake ' 


Corban® e Chemical Cleaning for Heat Exchange Equipment 
g g p 


DOWELL INCORPORATED + TULSA 1, OKLAHOMA 


A Subsidiary of The Dow Chemical Company 


“First in Oilfield Acidizing . . . Since 1932” 


Dowell engineers have compiled a record of 
many successful Sandfrac treatments. This ts 
made possible hy using oils and sands tailored 
to fit specific well conditions, and by making 
use of Dowell “on-the-job” experience. 
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FOR OIL INDUSTRY CHEMICAL SERVICE 





A didn’t take long” 


You'll cut down-time in Aalf with this new develop- 
ment — gamma ray and neutron logs both on one run 
—and you'll still get the same sharp, repeatable curves, 
the same accurate detail and full formation data. In other 


f . . , 
q words, the same complete information. .. faster! 
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DUALIZED 


LANE (> WELLS 


KRadwaciiwily Well Logging 


Available in a steadily increasing number of areas 


AR-609 : 
Tomorrows Toele- Totay/ General Offices, Export Office, Plant - 5610 So. Soto St., Los Angeles 58 
LOS ANGELES - HOUSTON - OKLAHOMA CITY - LANE-WELLS CANADIAN CO. IN CANADA - PETRO-TECH SERVICE CO. IN VENEZUELA 
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ABSTRACT 


Thi: paper summarizes the development and verform 
ance of the Coldwater Oil field, Isabella County, Mich 
Production is obtained at a depth of 3750 ft from a 
dolomite reservoir, which is probably both Rogers City 
and Dundee. There appears to be no persistent barrie: 
to vertical fluid movement between the Rogers City and 
Dundee, and hoth formations helieved to have a 
common original oil-water contact. No wells are open 
to production at the level of the Dundee 

The discovery of the field in 1944 ways followed by 
the drilling of 81 producing wells and nine dry holes 
By the end of 1952, the field had proctuced 12,763,000 
bbl of oil, at. which time 69 active wells were producing 
3600 B/D oil and 21,000 B/D wate) 

The reservoir has an effective natural water drive 
and bottom-hole pressure has declined 75 psi from an 
original pressure of 1453 psi. Oi! is undersaturated «at 
reservoir conditions with a GOR of 512 cu 
ft/bbl and a saturation pressure of 1190. psi. 


are 


solution 


INTRODUCTION 


Although the Coldwater Field is now in its ninth 
year of production, it ranks seventh in cumulative 
recovery, and second in current daily oil production 
in the State. Following complete development of the 
field in 1946, it has consistently contributed approxi- 
mately 11 per cent of Michigan’s daily production. 

Coldwater appears to have a greater pay thickness 
than most fields producing from the Rogers City forma- 


Manuscript received in the Petroleum Branch offic ug 195 
Paper presented at the Petroleum Branch Fal 
Tex., Oct. 18-21, 1953. 
Discussion of this and all 
Discussion in writing (3 copies) 
Journal of Petroleum Technology. 
1954, should be in the form of 


following technic: 
may be sent 
Any di-cu 

a new pape 
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tion in the west central part of the Michigan basin. 
Except as influenced by the extent of closure and the 
thickness of the oil column, reservoir performance is 
believed to be representative of Rogers City fields in 
this part of the basin. For this reason, it is felt that 
the following presentation of factual data for the field 
will be of general interest. 


HISTORY AND DEVELOPMENT 


Discovery of the Coldwater field during Aug., 1944, 
followed favorable subsurface geological correlations 
and core tests drilled to a shallow stratigraphic marker 
horizon. The field is located in the west central part 
of the Michigan Basin in Coldwater Township (T16N- 
R6W), Isabella County. It is 60 miles west-northwest 
of Bay City, and near the geographic center of the 
southern peninsula of Michigan. The discovery well 
flowed 200 bbl of oil the first 24 hours from the 
Rogers City dolomite at a depth of approximately 3750 
ft. Field production is principally from the Rogers City 
with a minor amount assumed to come from the under- 
lying Dundee dolomite, although none of the wells are 
open to production at the level of the Dundee. Both 
the Rogers City and Dundee formations belong to 
the Devonian system (See Geologic Column-Fig. 1.) 

in addition to Rogers City-Dundee oil production, 
sweet gas is produced from the Michigan Stray sand 
of the Mississippian system at a depth of 1400 ft. The 
gas reservoir has approximately the same areal extent 
as the underlying oil reservoir. Although gas production 
is an important feature of the Coldwater field, this 
report is concerned only with the oil reservoir. 

The productive area is approximately 3200 acres. The 
pool is developed on a 40 acre spacing pattern with 
wells drilled in the center of the north half of 40 acre 
tracts, except for a few off-pattern wells drilled along 
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the edge of the producing area. A total of 81 pro- 
ducing wells and nine dry holes have been drilled with 
development substantially completed by the end of 
1946. Subsequent to 1946, seven producing wells and 
two dry holes were drilled on the extreme edges of 
the field. 

Oil production rates have been regulated since dis- 
covery of the field. The total field allowable was 4600 
B/D at the end of 1946 when development was sub- 
stantially complete, and has varied up to 6700 B/D. 
Except as influenced by allowable changes, by the end 
of 1952 oil production had declined slowly to 3600 B/D 
and water production increased from 1800 B/D to 
21,000 B/D. At this time cumulative production was 

2,763,000 bbl of oil and 25,800,000 bbl of water, and 
there were 69 active producing wells. 


Since the Rogers City-Dundee has an active water 
drive, oil production has been accompanied by steadily 
increasing water production rates. There has been a 
slight drop in reservoir pressure; however, it has re- 
mained above saturation pressure. 

Daily oil and water production rates, cumulative oil 
production, number of producing wells and reservoir 


pressure are plotted versus time on Fig. 2. 


COLDWATER OIL RESERVOIR 


STRUCTURI 


Fig. 3 shows the Rogers City structure to be an 
irregularly shaped, gently rounded dome. It is located 
15 to 20 miles west of the center of the synclinal axis 
of the Michigan basin. Regional dip is to the northeast, 
and, the steepest dips of the Coldwater structure are 
found along the northeast side of the field with slightly 
lesser dips toward synclinal re-entrants along the north 
and south sides of the field. The structure has two 
axes, the major axes trending northwest-southeast, and 
the minor axes trending northeast-southwest. 


Pay ZONES 


Long standing usage by the oil industry of the term 
“Dundee,” to include both the Rogers City and Dundee 
formations, has resulted in “Rogers City” being an 
unfamiliar term to many who are well acquainted with 
its contents and characteristics. This usage developed 
since, in many areas, the contact between these forma- 
tions could not easily be determined from cable tool 
cuttings. With continuing oil development plus a few 
rotary cores in the Central Michigan basin and quarry- 
ing Operations in outcrops on the rim of the basin, it 
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became increasingly evident that the upper part of this 
section was separate with locally different characteristics. 

The Rogers City is normally a fossiliferous marine 
limestone, locally altered to a secondary dolomite by 
brines with high magnesium chloride content moving 
upward through fractures from the underlying Dundee. 
At Coldwater the Rogers City is a secondary dolomite 
30 to 35 ft thick. The movement of Dundee brine 
resulted in solution of fossils, recrystalization of minerals 
and enlargement of fractures. Consequently, the Rogers 
City contains numerous vugs, many of which are prob- 
ably connected by erratic and random channels. 

Dolomitization of the Rogers City appears to be 
related to structure in the Dundee and lateral migra- 
tion of Dundee brines in the Rogers City probably 
is not extensive. This is suggested by the number ot 
one well pools, some of wuich have produced large 
quantities of oil, and where tight non-productive 
Rogers City limestone has been encountered a short 
distance off structure. 

The Dundee is regionally a porous and permeable 
primary dolomite. At Coldwater the Dundee is pos- 
sibly 200 ft thick and has a finer and more uniform 
texture, and is lighter in color than the Rogers City. 
Although no wells are completed in the Dundee, the 
Dundee is believed to constitute approximately 15 per 
cent of the oil reservoir and to have had a maximum 
original oil column of 20 to 25 ft in the center of 
the field and an oil-water contact co-extensive with that 
found in the Rogers City on the flanks of the field. 
Cores taken from two wells indicated no barrier to 
vertical fluid movement at the Dundee-Rogers City 
contact although they might not be representative of 
the field. 

Elsewhere in many of the Dundee fields, oil has 
been reported as occurring 30 to 50 ft “below the top 
of the Dundee.” Probably, in some of these fields, the 
Rogers City is non-productive and the oil is encountered 
at the top of the Dundee. 
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Core data at Coldwater was limited to two wells 
cored with conventional barrels. Matrix porosity meas- 
urements average 4.2 per cent for 39 Rogers City core 
plugs, and 2.5 per cent for 16 Dundee core plugs. The 
contribution of vugs to the effective porosity in the 
Rogers City is unknown but probably is appreciable. The 
contribution of vugs to Dundee porosity is also un- 
known but probably is negligible, or at least much less 
than in Rogers City. Horizontal permeabilities ranged 
from zero to 1368 md and vertical permeabilities from 
zero to 62 md. 

Forty-five ft were cored at one well with 84 per cent 
recovery and 48 ft cored at the other well with 83 
per cent recovery. The lost section at both wells is 
presumed to have been vugular sections too fragile to 
have been preserved during coring. 

Diamond coring, which was not practiced in Mich- 
igan until several years after development of Coldwater, 
has been successful in effecting practically complete 
recovery of Rogers City sections at other fields, pre- 
sumably with sections very similar to that at Coldwater. 

Electric logs of the Rogers City and the upper 
Dundee taken at two wells are shown in Fig. 4. Drill 
stem test data for the zones indicated on the electric 
log of Sohio-F. L. Hoffman No. 2 are listed in Table 1. 


TABLE | — RoGers City - DUNDEE DRILL STEM TESTS 


Sonio - F. L. HOFFMAN No. 2 
Test A B Cc 


3764-77 3780-90 3790-3800 


Depth 
12 min 7 min 60 min 


Tool Open 
Recovery 
Flowed Oil 
Oil 1000 ft 270 ft 
Water 90 ft 20 ft 


1430 psi 


15 ft 


0 
1410 psi 


Mud 
Shut-in BHP 


DRILLING AND COMPLETION PRACTICES 


Most of the oil wells in the Coldwater Field were 
drilled with combination rotary and cable tools. The 
usual practice was to start with rotary tools and to 
set 1034-in. casing through the Glacial Drift, which is 
approximately 550 ft thick in the Coldwater area. The 
hele was then drilled to a point in the Coldwater shale 
approximately 20 ft below the Marshall water sand. The 
Coldwater shale was competent and provided a safe 
casing point for cementing and deeper drilling. Seven 
in. casing was set through the Marshall at a depth of 


2 SOHIO-CUMMINGS NO 
N/2 NE NE SEC 


SOHIO-HOFFMAN NO 
N/2 SW NW SEC 
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BotTTtoM Hote SAMPLE ANALYSIS, 
COLDWATER FIELD. 


1700 ft and cemented with sufficient fillup to protect 
the Michigan Stray gas sand at 1400 ft. Rotary tools 
were then replaced by standard rig and the hole was 
drilled dry on down to the top of the Rogers City 
where 5!2-in. casing was set and cemented. An open- 
hole completion was then made by drilling the pay 
zone with cable tools strung through a lubricator. The 
pay was penetrated by stages until flowing tests through 
casing indicated satisfactory productivity. Penetration 
of the Rogers City zone averaged I1 ft. 

Of a group of 55 wells, 45 were drilled by combina- 
tion tools and 10 were drilled with rotary 
the Rogers City. An intermediate 7-in. string was not 
set at the latter wells and the production string was 
stage cemented to protect the Michigan Stray gas sand. 
In two of the 10 wells drilled by rotary, pipe was set 
through the Rogers City and the wells completed by 
perforating the casing opposite the pay zone. Cable 
tools were moved in for completion after setting a 
production string on the top of the Rogers City in 
the remaining eight rotary holes. 

One of the two rotary holes penetrating the Rogers 
City was drilled to a total depth of 5090 ft for an 
unsuccessful test of the Richfield zone of the Detroit 
River series. Due to completion method, electric logs 
and cores of the Rogers City were taken in only two 
wells. 

Drilling time, from spud date to casing point, aver- 
aged 49 days fer combination tools and 34 days for 
retary tools. The 49 days for the combination tools 
includes time spent off bottom while moving out rotary 
tools, and waiting on and rigging up cable tools. 

Except for penetrating the Glacial Drift at certain 
wells, no unusual drilling problems were encountered. 
Buried gravel beds in the Drift frequently caused lost 
circulation. 

A number of wells were acidized upon completion 
but acid was used sparingly and only to obtain satis- 
factory productivity where the well-bore apparently 
penetrated a locally tight section. Certain wells were 
acidized subsequent to completion when performance 
indicated low productivity. 


tools io 


PRODUCTION PRACTICES AND PROBLEMS 


By the end of 1952, 7,100,000 bbl of oil, or 56 per 
cent of the field recovery, had been produced by flowing 
wells, and there were 13 water-free flowing wells re- 
maining. All wells flowed until a water cut of 5 to 
10 per cent was reached. Paraffin deposition in the 
upper part of the tubing string at flowing wells neces- 
sitated frequent scraping with paraffin hooks. Plugging 
of chokes by loose paraffin required almost daily atten- 
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tion but was not a difficult problem. Very little trouble 
has been experienced with paraffin in flow lines. 

Wells producing water have been pumped with con- 
ventional units and rods, with fuel provided from sep- 
arator gas. Water production increased rapidly in most 
wells after its first appearance, and it has been necessary 
to handle large volumes of produced salt water. Tem- 
porary surface ponding of salt water was avoided due 
to danger of contamination of streams originating in 
the field and fresh water sands in the Glacial Drift. 
During the early life of the field, produced salt water 
was injected into dry holes beyond the productive limits 
and into a shallow water sand below the Glacial Drift 
\ field system using asbestos-cement pipe was even- 
tually installed in which the water flowed by gravity 
to a central point and was then pumped to a concrete 
storage pit from which it flowed by gravity into dry 


holes deepened to lower zones for disposal. 


RESERVOIR FLUIDS 


As determined by analysis of a bottom-hole sample 
taken at 3650 ft the Rogers City 
Coldwater has a saturation pressure of 1190 psi, a solu- 
tion GOR (differential liberation) of 512 cu ft bbl, 
and a formation volume factor of 1.306 at saturation 
pressure. The compressibility factor of the oil 
12.5 x 10° at 1400 psi. The reservoir temperature was 
120° F. Data from this sample analysis are shown on 
Fig. 5. 

Stock tank oil, produced water, and separator gas 
analyses are shown in Tables 2, 3, and 4. 


reservoir oil at 


Was 


+ 


TABLE 2 Stock TANK OIL ANALYSIS COMPOSITE 


SAMPLE 


RoGeRS City RESERVOIR 
48.6° API 
~30° F 


Gravity 

Pour Point 

Viscosity at 100° F 34 SSU 

Salt 6.2 'bs ‘1000 bbi 
° 


Total Sulphur o 
Sulphur as H2S and Mercaptens 191.4 Ibs ‘1000 bb! 


PRODUCED WATER ANALYSIS 
RoGers City RESERVOIR 
Specific Gravity 60 60 
pH 


TABLE 3 


lon Analysis 
SO: 3 
R203 4 
Ca 30 410 
5 260 

56,960 

48 


154 
152 390 
251 229 


AVERAGE SEPARATOR GAS SAMPLE 
ANALYSES (20 PSIG) 


TABLE 
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RE-ERVOIR PRESSURI 


Bottom-hole surveys taken at six-month 
intervals during the first five years of production indi- 
cate that the Rogers City reservoir has an effective water 


The bottom-hole pressure curve plotted on Fig. 2 


pressure 


drive. 
represents the arithmetical average of pressures observed 


at 14 centrally located wells. The average pressure 
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Fic. 6 — BoTTOM HOLE PRESSURE CONTOURS, 
AuG., 1946, COLDWATER FIELD. CONTOUR INTERVAI 
5 pst SUBSEA DATUM 2770 Fr. 


of the 14-well group was within + 3 psi of each of the 
areally weighted average pressures computed for surveys 
through 1948, each of which included from 40 to 50 
wells. Pressures were taken only at flowing wells and, 
after 1948, calculation of areally weighted averages 
became unsatisfactory due to the gradually decreasing 
number of wells available for observation. 

The bottom-hole pressure has dropped from 1453 
psi initially to 1378 psi at the end of 1952. This drop 
appears to be insignificant and reflects, for the most 
part, readjustments of pressure within the pool neces- 
sary before the water drive could become effective. 
The pressure has stayed well above the bubble point 
and no free gas has been produced. 

Bottom-hole pressure contour maps for Aug., 1946, 
and Mar., 1948, are shown on Figs. 6 and 7. The pres- 
sures are corrected to a datum of —2770 ft subsea which 
is the assumed original oil-water contact. These maps, 
which are contoured at 5 psi intervals, suggest slightly 
higher pressures near the center but little overall dif- 
ference throughout the field. 


WATER ENCROACHMENT 


Since the field is possibly being produced by a com- 
bination of edge and bottom water drives, an investi- 
gation was made of encroachment independent of loca- 
tion upon structure. Assuming a uniform rise in the 
oil-water contact, appearance of water should correlate 
with relative elevation of the lowermost exposed pay 
section in the wells. Results of the investigation are 
shown in Fig. 8 which provides a comparison of the 
calculated rise in the water table versus appearance of 
water in the wells. 

The appearance of water was determined as the date 
of reaching 10 per cent water cut. Subsea tetal depths 
for open hole completions, and the bottom of producing 
perforations for the two completions with pipe set 
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Fic. 7 — Bottom HoLe PRESSURE CONTOURS, 
Mar., 1948, COLDWATER FIELD, CONTOUR INTERVAI 
5 pst SuBsEA DaTUM 2770 Fr. 


through the pay, were plotted versus field cumulative 
recovery at the time the water cut at the plotted well 
reached 10 per cent. 

The calculated rise in water table suggested by the 
line on Fig. 8, which is independent of observed water 
appearances, was obtained by assuming average acre-foot 
recoveries for the Rogers City and Dundee, and then 
finding the hypothetical number of acre-feet flooded, and 
the corresponding position of the rising water table 
which was assumed to remain horizontal. 

The observed, or plotted data, are erratic and seem 
to establish a trend above the calculated position of 
the water table; nowever, at the end of 1952, one-third 
of the oil and two-thirds of the water were being pro- 
duced by wells with total depths below —2750 ft, or 
well below either the calculated water table or the 
trend of plotted data. Obviously, the rising water table 
is neither horizontal, nor does it have sufficient definition 
to permit reliable estimation of the flooded-out volume 
of the reservoir at this stage of field depletion. 

The principal utility of data on Fig. 8 is in attempt- 
ing to analyze well performance and to relate seemingly 
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9 — DaTe OF First WATER PRODUCTION AT 
WELLS, COLDWATER FIELD 


premature or late water appearance to such factors 


as structural position, total depths, effect of acidization, 
possible concentration of fractures, and isolated pay 
lenses. The wells appearing below the line on the lower 
left corner of Fig. 8 represent either late edge well 
completions or non-typical wells which may have pene- 
trated pay lenses with porosity 


pinchouts updip and 
which had locelly lower oil-water contacts than the 
main reservoir. 

The majority of the wells fall above the line of cal- 
culated water table rise and indicate either one or more 
of the following: 

1. A breakthrough in advance of the oil-water inter- 
face. 

2. The transition zone between the water-free and 
flooded zones is on the order of 10 to IS ft. 

3. The principal routes of water invasion underline 
the center of the field. 

4. The assumptions for calculating the rise are incor- 
rect and the rise should be different than shown. 

The authors feel the divergence between the trends 
probably results from a combination of the first three 
reasons. Since the Dundee is believed to be the aquifer 
and dolomitization of the Rogers City probably is con- 
fined to the vicinity of the structure, the total effect ot 
water movement should be vertical. Probably there is 
a maze of permeable zones and intersecting fractures 
which could result in lateral movement over limited 
distances. The bottom-hole pressure maps shown on 
Figs. 6 and 7 indicate slightly higher pressure in the 
center of the field, suggesting better vertical communica- 
tion in that area. 

As to the fourth reason, it already has been shown 
that the assumption of a horizontal and definite oil- 
water contact cannot be justified. 

Progressive water encroachment by years is shown 
on Fig. 9, which is contoured on the date of first water 
production. Fig. 9 shows a reasonably uniform pattern 
with contours approximating but not paralleling struc- 
tural contours. Since total depth probably is the prin- 
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cipal factor controlling first appearances of water, there 
is NO necessary relationship between the water encroach- 
ment and the structure. The isolated closed contour 
in the SW/4 of Section 32 represents a well whose total 
depth is at a higher subsea elevation than any well south 
of the middle of Section 32, and where, as expected, 
water appeared later than at other wells in the area. 

The closed contour in the NE/4 of Section 33 does 
not represent a similar situation since the total depth 
of the well enclosed by the contour is 7 ft lower subsea 
than the total depth of its west offset, which produced 
water earlier. Such irregularities may be related to 
proximity of vertical fractures to well bores, or to 
partial isolation by dense impermeable barriers which 
torce the encroaching water into tortuous channels. 

Figs. 10, 11, 12, and 13 are contoured on per cent 
water produced by each well at two-year intervals start- 
ing Jan., 1947. All of the wells included by the zero 
per cent contour were flowing at the date of the maps. 
Fig. 10 represents the encroachment status shortly after 
full development of the field. Figs. 11 and 12 show 
anomalies developing. The well in the SW/4 of Section 
32 is the one which had the late water arrival men- 
tioned in the preceeding paragraph. 

The well two locations east, shown as making between 
60 per cent and 80 per cent water on Fig. 12, is the 
lowest well in the field. It topped the Rogers City 2 ft 
below the oil-water contact for the rest of the field and 
its water-oil ratios have lagged behind those of other 
edge wells. It may be completed in an isolated pay lens 
which had a lower oil-water contact trapped 
by a porosity pinchout updip. Fig. 13 shows continued 
encroachment toward the center of the field, approxi- 
mating but not paralleling structural contours. 


locally 


RECOVERY EFFICIENCY 


A reliable estimate ot 
natural 


the recovery efficiency of the 


water drive at Coldwater would be desirable. 


PRODUCED WATER PERCENTAGE CONTOURS, 
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11 — PRopUCED WATER PERCENTAGE CONTOURS, 
JAN., 1949, CoLDWATER FIELD. 
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FIG. 


Untortunately, there are too many imponderables to 
permit an accurate estimate of total effective porosity 
and the original oil in piace by volumetric calculations. 
Since the oil is undersaturated and the drop in reservoir 
pressure has been only on the order of 5 per cent, the 
change in density of the reservoir fluids has been too 
small to permit a satisfactory estimate of oil in place 
by means of material balance equations. However, well 
performance can be used to estimate the ultimate re- 
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Fic. 12 — PropUCED WATER PERCENTAGE CONTOURS, 
JAN., 1951, COLDWATER FIELD. 
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covery for the field which can be related to the limited 
available core data to narrow the speculative ranges of 
recovery efficiency. 

The authors estimated the field ultimate recovery to 
be on the order of 1742 million bbl by use of individual 
well oil and water production trends where applicable 
and analogy based on structural position and gross pay 
volume for those wells making either no water, or 
having no discernable trend due to insufficient water 
production history. To enable calculation of the water- 
table rise shown on Fig. 8 in which cumulative re- 
covery is related to reservoir volume flooded, the 
Rogers City was assumed to have a gross pay volume 
of 76,800 acre-ft and an average ultimate recovery 
of 215 bbl/acre-ft. The Dundee was assumed to have 
a gross pay volume of 13,200 acre-ft and an ultimate 
recovery of 75 bbl/acre-ft. 

As a matter of interest, these acre-ft recoveries would 
be equivalent to 60 per cent recovery in the Rogers 
City if 7 per cent total effective porosity and 15 per 
cent original water saturation are assumed, and 65 
per cent recovery in the Dundee if 2.5 per cent effective 
porosity and 20 per cent original water saturation are 
assumed. 

The authors feel that, while recovery efficiency is 
speculative, the average ultimate acre-feet recovery can 
be resolved within reasonable accuracy from well per- 
formance. 
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ABSTRACT 


This paper describes experimental investigations con- 
ducted at the California Research Corporation's model 
oil well. 

The first part describes filter loss from several drill- 
ing muds through bore hole walls during mud circula- 
tion and drill string rotation. The effect of mud proper- 
ties and drill string rotation with mud circulation is 
described. Filtration from a bore hole full of drilling 
mud, not circulating, but under pressure for extended 
time periods, is also discussed. 

The second part describes filter loss to permeable 
formations beneath a drilling bit filter 
cake has no opportunity to develop appreciable thick- 
ness. If potential flow theory is applied to predic: filtrate 
invasion from this hole bottom, large 
calculated. But model well experimentation shows that 
filtrate invasion from the hole bottom is controlled by 
mud particles that+penetrate the formation ahead of 
the bit. This experimentation provides data to estimate 
the effect of mud particle penetration on fluid loss to 
formation. 

The third part presents an estimate of mud filtration 
during drilling of a well. 


from where 


invasions are 


INTRODUCTION 


As oil wells are drilled by the rotary method, drill- 
ing mud circulates up the annulus between drili pipe 
and well wall. Drillers adjust mud density so that the 
pressure at the bottom of the mud column is several 
hundred psi greater than the pressure of reservoir fluid. 
As a result of this pressure difference, the liquid part 
of the mud filters into the rock around the bore and 
mud solids deposit as a filter cake on the well wall. 
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For many the petroleum industry, within 
the past 20 years, has spent much money and energy 
to determine the volume of mud filtrate that enters 
rock around the well bore and dedicated much research 
effort to reduce this volume. 

Among the reasons for attempts to determine the 
volume of mud filtrate and to reduce this volume are 
the following 

|. If filtrate damages the permeability of oil sand, 
the resultant damage to oil well productivity will de- 
pend on the distance that the filtrate invades the oil 
sand; filtrate volume may, therefore, in- 
crease well productivity 

2. Filtrate that penetrates shale sections may cause 
the shale to swell and to slough into the well bore. 
Uncontrolled sloughing may stick drill pipe. Reduction 
in filtrate volume may reduce drilling trouble. 

3. Electric log resistivity curves are changed by inva- 
sion of a mud filtrate; the change depends on the 
depth to which filtrate invades. Knowledge of this 
depth is necessary before resistivity logs can be inter- 


reasons 


reduction of 


preted accurately. 

For these reasons, specifications that place an upper 
limit to drilling mud filter loss are now written into 
almost all drilling programs. These specifications are 
based on API Recommended Practice 29, Standard 
Field Procedure for Testing Drilling Fluids,’ which 
describes a static filtration test operated at 100 psi filtra- 
tion pressure and at ambient temperature. Although 
this test is adequate for mud control, it cannot be 
used to compare filtration properties of different muds 
Schremp and Johnson’ showed, for example, that mud 
with a low API filter loss does not necessarily have 
low filter loss at bottom hole temperature and pressure. 
Also, no information has been available about the effect 
of bottom hole mechanics (mud circulation, drill string 
rotation, and bit action) on mud filtration. 

This paper discusses filtration data measured in the 
California Research Corporation’s model oil well, which 
models closely oil well bottom hole geometry and 
hydrodynamic conditions. The filtration processes that 
AIME 


1954 Trans. 





REGULATED Nz 


PRESSURE SWIVEL 


PRESSURE CONTROL | 
AND SURGE TANK ~~) 


WSS 
t \ 


KELLY - DRILL 
COLLAR BELOW - 


| MUD MIXING | 
- STORAGE | 


THROTTLE 


ROTA ns 
ORILLING SEAL | 


FILTRATION — 
COLLECTION 
TANK 





— METAL SHELL REINFORCING 
FORMATION - PERFORATED 
FOR DRAINAGE 


BOISE SANDSTONE ~< PRESSURE VESSEL 
OR LUMNITE 
CONCRETE FORMATION CYLINDERS 
CEMENTED TOGETHER 


CEMENT ———J WITH PLASTIC ADHESIVE 





STUB CASING 


Fic. 1 — MopeLt WELL PIPING AND EQUIPMENT 


Static 
rates 


were studied are divided into three classes: (1) 
filtration — mud does not circulate, filtration 
are controlled by cake permeance; cake _ thickness 
and filtration rate decreases continually with 
time; (2) Dynamic filtration — drilling mud circulates 
past the surface of the filter cake; filtration rate is 
controlled by cake thickness; cake thickness and filtra- 
tion rate become constant depending on mud circulation 
and on drill string rotation; (3) Filtration from beneath 
the bit while drilling — no filter cake forms beneath the 
bit; filtration is controlled by plugging of the formation 
ahead of the bit by mud particles. 


increases 


Filtration beneath the bit is controlled by formation 
properties and drilling speed as well as by mud _ prop- 
erties, whereas static and dynamic filtration are con- 
trolled almost entirely by mud properties. Experimental 
and analytical methods used to study filtration beneath 
the bit differ, therefore, from the methods used to study 
dynamic and static filtration. 

Thus this paper is divided into three parts. Part | 
describes the model well equipment and methods used 
to measure static and dynamic filtration, 
these kinds of filtration: Part I] discusses filtration be- 
neath the bit; and Part HII presents an_ illustrative 
estimate of total filtrate invasion. 


and discusses 


PART I — FILTRATE INVASION 
FILTER CAKE ON THE BORI 


THROUGH 
WALI 


APPARATUS AND METHODS 
where the measurements were 


mechanics and hydraulics are 
A drill string may be rotated, a 


In the model well, 
made, bottom hole 
approximated closely. 
FEBRUARY, 


Trans. AIME 


1954 


mud circulated at rates and 
pressure differences that are close to those used in 
field wells. Changes in the filtration process that are 
caused by changes in bottom hole mechanics and hy- 
draulics should be the same in field wells as those 
measured at the model well. 

The model well has been described briefly in trade 
journals’ and to supplement these descriptions, equip- 
ment used to measure static and dynamic filtration is 
described below. A description of the equipment used 
to measure filtration beneath a drilling bit is included 
in Part II of this paper. 


formation drilled, and 


Model Well 


The model well consists of a sandstone formation, 
suspended inside a pressure vessel, and the equipment 
for conducting operations, with full scale tools, similar 
to those performed in field wells. Field well geometry 
and pressure differences are duplicated in the model 
well, but absolute pressures are not duplicated and no 
temperature control is provided. Fig. | shows the ar- 
rangement of equipment and piping. 


Formation and Pressure Vessel 


The model well formations that were used for static 
and dynamic filtration measurements were cast of 
Lumnite cement and sand. Lumnite cement is a blast 
furnace slag cement which is similar to Portland cement 
but reaches working strength within 24 hours. The sand 
ranged in size from 28 to 100 Tyler mesh. Each con- 
crete formation was cast in the form of a cylinder, 10 ft 
long and 19 in. outside diameter, inside a perforated 
steel shell. 

Reinforcing rings around the outside of the shell 
prestressed the concrete cylinder so it was able to with- 
stand mud pressures in the well bore of 500 psi. Short 
4 ft long, of 65s-in. OD casing, called stub 
were cast into each end of the cylinder. The 
formation was hung in a steel pressure vessel near the 
bottom of a 45-ft deep clearance hole. The 6%-in. 
casing, which extends from the top of the upper stub 
casing to the surface, together with the borehole in 
the formation constitutes a 45-ft well with 6 ft of 
exposed formation in whick, drilling and completion 
operations may be conducted 


sections, 
casings, 


Drilling Tools 


The drilling equipment at the model well includes 
a short drill string that consists of a kelly and a drill 
collar. A standard 66-ft API derrick and an air-driven 
winch provide for raising and lowering the drill string. 
\ 5!2 by 14-in. mud pump, driven through a four- 
speed truck transmission, provides drilling mud_ cir- 
culation at flow rates between 20 and 350 gal ‘min. 

Dynamic and static filtrations were run at a filtration 
pressure of 200 or 400 psi. Dynamic pressure was con- 
trolled by two %s%-in. orifices and a 3-in. gate valve in 
series in the mud return line. At 100 gm/min, about 
300 psi pressure drop occurred across the two orifices, 
and the gate valve controlled the remaining 100 psi 
pressure drop. Because the mud pump discharge rate 
was not uniform, mud pressure varied between about 
390 and 410 psi despite a surge chamber in the line. 
During static filtration, mud pressure was maintained 
by nitrogen pressure applied through a regulator to the 
top of the mud pressure control tank. 
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A 10-in. rotary table rotates the drill string at 45 
90, 180, or 370 rpm. For all experiments reported 
here, the table rotated at either 45 or 90 rpm. 

Standard oil field rock bits were used to drill the 
formations. No attempt was made, however, to stand- 
ardize on one brand of rock bit or to differentiate 
between brands 


lest Procedure 


After a new formation was cast and mounted in the 
pressure vessel, the formation was water saturated by 
a method similar to the standard laboratory evacuation 
and immersion method. The formation, pressure vessel, 
and adjacent piping were evacuated for about five 
hours with a mechanical pump; then, water under 60 psi 
line pressure was admitted to the pressure vessel. The 
completeness of saturation was checked by observing 
the compressibility of the system. One hundred psi air 
pressure was applied to the top of the mud pressure 
reservoir, and the volume of air remaining in the forma- 
tion was estimated by observing the drop in liquid level 
in the mud pressure reservoir. For each new forma- 
tion, residual air saturation was less than 2 per cent. 

When saturation was complete, the formation was 
drilled with a 5'4 or 55% rock bit. Because Lumnite 
cement seriously contaminates drilling mud, the forma- 
tions were drilled with water as a drilling fluid. 
Except for beneath the bit filtration that is discussed 
in Part II of this paper, drilling was not considered 
part of the filtration experiment. 

After drilling, water was drained from the well bore 
and mud circulation started. Mud circulation rates and 
circulation pressure were regulated by governing the 
pump speed and by adjusting the throttle valve. Then 
the filtrate line valve was opened to start filtrate collec- 
tion. During dynamic filtration, the drill string rotated 
with the bit in the bottom stub casing so that the 
filtration reported here resembles filtration through the 
sides of a well bore just above the bit. At the end of 
dynamic filtration, the drill string was pulled, the 
master gate valve at the top of the casing string closed, 
and static filtration pressure was applied by admitting 
nitrogen to the top of the mud pressure tank. 

Filtrate, or water forced out of the formation by 
filtrate, collected in calibrated gauge tanks. Filtrate 
voiume was measured and recorded periodically: every 
15 minutes at the start of dynamic filtration and hourly 
after the filtration rate decreased. 


FILTRATION HYPOTHESES 


Examination of drilling mud filtration reveals sev- 
eral paradoxes, and derivation is not possible of an 
exact theory that will describe either static or dynamic 
filtration. The first paradox is that static filtration follows 
part of the “classic” filtration theory but does not follow 
all of this theory. “Classic” filtration theory is considered 
here to be the theory outlined in chemical engineering 
texts’ that may be summarized with the equation, 
Filtrate volume = constant * (time).' 

The second paradox is that equilibrium cake thickness 
during dynamic filtration is much less than predicted by 
comparison of the filtration forces, which deposit cake, 
and the hydraulic erosion forces, which remove cake. 

A third paradox is that oil base muds exhibit 
substantial filter loss while they are circulating, but as 
soon as circulation stops, filtration stops; although no 


32 * © JOURNAL OF PETROLEUM TECHNOLOGY 


FEBRUARY, 1954 


measurable filter cake is deposited. To reconcile these 
paradoxes, speculative ideas about mud filtration are 
presented in this section. In the next two sections 
dynamic and static filtration measurements made at the 
model well are discussed in the light of these ideas 

Static filtration of drilling mud in one respect follows 
the “classic” filtration law, but in another respect 
does not. As described in reference 5, this law states 
that the volume of filtrate collected will be proportional 
to the filter cake permeability and to the filtration pres- 
sure; the law also states that a plot of filtrate volume 
as a function of (time)°°® is a straight line as long as 
cake permeability and filtration pressure are constant. 

For many muds, filtration at constant pressure re- 
sults in a straight line plot of filtrate volume as a 
function of (time),”* thus cake permeability appears 
constant for these muds. For these same muds, however, 
filtration is almost independent of filtration pressure. 
This independence indicates that cake permeability is 
not constant but that it decreases with increasing 
pressure. From one viewpoint, therefore, filter cake per- 
meability is constant but from another viewpoint, cake 
permeability varies with pressure. 

Fig. 2 shows calculated filtration for two filter cakes: 
one of nearly constant permeability (the bottom curve), 
and the other for a cake with a permeability that de- 
creases with increasing pressure (the upper two curves). 
These calculations were made as follows: The filter cake 
was assumed to exist in thin layers. The permeability, 
k,, of each layer was assumed to depend on the 
pressure gradient, p,, in that layer at the time it was 
deposited, according to the equation, 

cp," = constant . . ae a ae ee 


As cake thickness increases, while total filtration pres- 
sure remains constant, p, becomes smaller, and k 
larger, for each succeeding layer of filter cake. 

For the lower curve of Fig. 2, the exponent ‘“‘n” 
was assumed to be 0.2 so that cake permeability is 
almost independent of p,. This curve is almost straight 
and is similar to the plot of filtration data for many 
muds. For the upper two curves, the exponent ‘‘n” was 
assumed to be 0.8 so that the product (k, p,) is nearly 
constant; the 30-minute filtrate volume increases only 
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25 per cent although filtration pressure is increased 
from 100 to 500 psi. This independence of filtrate 
volume from filtration pressure is observed in many 
muds. But the filtration data from these muds plot as 
straight lines, whereas the upper two curves of Fig. 2 
are not straight. 

The resistance offered by the low permeability filter 
cake may not, however, be the only resistance to re- 
moval of filtrate from the mud slurry. A portion of 
this resistance may be caused by gelation of the mud. 
This added resistance, increasing with time as mud gel 
strength increases, may reduce the volume of filtrate 
so that the volume-(time)"* curve is bent back to 
approach a straight line even though the exponent, ‘‘n.” 
of Equation (1) is near unity. The upper curves of Fig. 
2 would be straightened, therefore, even though cake 
permeability was not constant. Because mud gelatin 
probably is little affected by pressure changes, the vol- 
ume of filtrate will not change much as filtration 
pressure increases. This idea of added resistance, caused 
by mud gelation, to the removal of filtrate from the 
slurry is presented here as a possible explanation of the 
static filtration paradox. 

This mud gelation hypothesis may also be used to 
explain partly the high filtration rates that are meas- 
ured while mud is circulating. In a slurry that is filtering 
according to “classic” theory, the solid and liquid parts 
of the slurry move toward the filter cake at the same 
linear velocity. But in a slurry with gel strength, the 
liquid part of the slurry moves toward the filter cake 
at a higher velocity than the solid part: liquid flows 
with respect to solids throughout the entire slurry. 

Because of this flow, filtration from a slurry with 
gel strength will be less than from a similar slurry 
with no gel strength, even though the two slurries have 
filter cakes with equal permeability. Conversely, filtra- 
tion from a slurry with gel strength will be greater if 
the gel is continually broken by agitation than if the 
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slurry filters statically. A larger volume of filtrate does 
flow from mud that is circulating than from mud that 
is static. This has been observed by Prokop’ and 
Williams’ as well as in the work reported here. 

Prokop’ discussed erosion of filter cake by flowing 
mud as a possible mechanism that limits the thickness 
of the filter cake. But for mud flow to erode filter 
cake on the well wall, hydrodynamic shear at the well 
wall must be about equal to the shear strength of the 
mud cake. For hydrodynamic shear to exceed the cake 
shear strength, which ranges between 0.3 and 15 psi, 
drilling fluid would have to circulate in typical holes 
under a pressure gradient of 3 to 150 psi/ft. Three 
psi ft is 100 times greater than the hydrodynamic pres- 
sure gradients stated as typical by Beck, Nuss, and 
Dunn. Apparently hydrodynamic shear is not great 
enough to erode mud cake. 

A consequence of the relationship between gelation 
and filtration is that the surface of mud filter cake 
is not sharply defined. Fig. 3 shows the solids content 
as a function of distance from the filter surface for 
a Classic incompressible filter cake and for a drilling 
mud filter cake. The interface between classic cake and 
slurry is defined sharply; the solids concentration in- 
creases abruptly from the slurry to the cake. 

For mud, however, the interface between the slurry 
and cake has finite thickness. The solids content in- 
creases gradually from the slurry to the cake through 
a transition region that may be %-in. thick. Fig. 3, 
as drawn here, is qualitative; the curves apply to no 
particular mud. But Grace’ shows a similar curve 
that was plotted from measurements made on a filter 
cake of finely divided calcium carbonate. 

This transition region influences dynamic filtration 
and may account for the apparent equilibrium filter 
cake thickness observed in dynamic filtration. Whereas 
shear strength of the cake is so high that hydrodynamic 
shear does not disturb it, shear strength of the upper 
part of the transition layer is only about 0.005 psi. 
This layer can be removed, therefore, by fluid flowing 
under a pressure gradient that is typical of mud flow.” 
During dynamic filtration, this transition layer is swept 


_away continually and cake thickness is limited even 


though fluid shear does not erode the dense part of 
the cake 

The dynamic and _ static filtration data presented 
in this part of the paper do not permit quantitative 
evaluation of the hypotheses presented in the preceding 
paragraphs but the data will be discussed in the light 
of these hypotheses. 


DYNAMIC FILTRATION 

As long as drilling mud circulates or the drill string 
rotates, mud filters under dynamic conditions. Flowing 
mud continuously disrupts gelatin and erodes the low 
shear strength transition layer that exists between solid 
mud cake and fluid mud. 

As filter cake becomes thicker, the filtration pressure 
gradient through the transition layer decreases until the 
pressure holding the transition layer against the cake 
is as low as the hydrodynamic wall shear tending to 
tear this layer from the cake. Eventually deposition 
and erosion become equal, and cake thickness and the 
rate of filtration through the cake become constant. 

Dynamic filtration rates were measured for four drill- 
muds: a bentonite-barytes mud, an oil base mud, a 
lime-starch mud, and a tall oil emulsion mud. Figs. 4, 
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FILTRATION FROM BENTONITE Mup; 


PROPERTIES: 


Fic. 4 DyNAMIC 


AVERAGI 


APi 30 min Filter Loss 10 mi 
Density 73 pcf 
Marsh Viscosity 43 sec 
Filtration Pressure, 400 psi; Drill String Rotation, 45 rpm 
Mud Velocity Between 4!4 OD Drill Collar and 534 Hole 
Velocity 
124 gal min 3.37 ft sec 

94 2.56 
83 2 
130 3. 
113 3 
3. 
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.26 
54 
08 
02 
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WW 
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5, 6, and 7 show dynamic rates as a function of time 
for these muds. 

For each test, dynamic filtration rate starts high, 
about the same as the rate that would be predicted for 
static filtration. As dynamic filtration continues, the 
rate does not drop as rapidly as the static rate, and, 
after about 15 hours, the dynamic rate becomes con- 
stant or nearly constant, whereas static filtration rate 
continues to decrease. 

The equilibrium dynamic filtration rates do not appear 
to be related to the extrapolated API filter loss for any 
of the muds. Moreover, muds with the lowest API 
filter loss, do not have the lowest equilibrium dynamic 
filtration rate. Fig. 8, which shows equilibrium filter 
rates as a function of mud velocity, illustrates the differ- 
ence between the dynamic rates for different muds. 

Dynamic filtration from the emulsion mud is greater 
than from the other muds but the API filter loss from 
this mud was only 4 ml, about the same as the filter loss 
from the lime-starch mud and less than one-half the 
filter-loss from bentonite mud. The oil base mud also has 
a higher equilibrium rate for lime-starch and bentonite 
muds; although the API loss for the oil base mud is 
zero. 

For emulsion, lime-starch and oil base muds, equili- 
brium filter rate increases with increasing mud velocity: 
for bentonite mud all filtration was measured with mud 
circulating at velocities between 2'4 and 3'2 ft sec 
so change of filter rate with mud velocity is not 
apparent. The increases in filtration rate are predicted 
qualitatively by the ideas presented in the previous 
section. With increased mud circulation velocity, the 
filtration pressure gradient within the transition layer 
approaches the hydrodynamic gradient when the cake 
is thin. But for low circulation velocity, the filtration 
gradient does not approach the hydrodynamic gradient 
until the cake becomes thick. The thin equilibrium filter 
cake, at high mud velecity, resuits in high equilibrium 
filtration rate. 

The high equilibrium filter rate for emulsion mud, 
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DYNAMIC FILTRATION FrRoM O1t Base Mup,; 


AVERAGE PROPERTIES 


API 30 min Filter Loss 

Marsh Viscosity 

Stormer Viscosity 

Density 

Filtration Pressure 

Filtratior 
Drill String Rotation 90 rpm 


OD Drill Collar and 558 Hole 


Runs 33-37 
Run 39 
Mud Velocity 


Pressure 


Between 


37 gal min 
153 
103 
103 
103 
110 


Drilled Hole With This Mud at Start of Test 39; See Part II 
for Discussion of Drilling Filtration 


however, is not explained by the speculative ideas 
presented. Emulsion mud filter cake has a low shear 
strength, 0.3 psi, that may be related in some way to 
the balance between erosion and filtration forces, but 
this relationship is obscure. Bentonite mud cake and 
emulsion cake are about equal in shear strength; yet, 
even though the API filter loss for bentonite is about 
three times the filter loss for emulsion mud, the equili- 
brium dynamic rate from emulsion mud is almost twice 
as great as the dynamic rate from bentonite mud. 

The fact that dynamic filtration rates from bentonite 
and lime-starch muds are about equal also is difficuli 
to explain. The filter loss from lime-starch mud is less 
than the filter loss from bentonite mud and the shear 
strength of lime-starch cake is greater. Both of these 
properties seem to point toward a lower equilibrium 
rate for lime-starch mud than for bentonite mud, but, 
as Fig. 8 shows, the rates are about equal 


STATIC FILTRATION 

Whenever filtration such that fluid mud _ re- 
mains quiet, the volume of the filtrate can be estimated 
by classic filtration theory;’ filtration rate changes 
with time according to the equation: 


occurs 


constant 
Rate P 
(time) 
Mud filters statically both in wells when it is not circu- 
lating and in laboratory and field equipment used for 
measuring filter loss. 

Fig. 9 shows filtration data for bentonite mud col- 
lected at the model well during a five-day static period 
These data after 21 hours of dynamic 
filtration so that the static cake was deposited over 
a dynamic filter cake. At the end of dynamic filtra- 
tion, filtrate flowed through the cake on the wall at 
the 0.44 ml in’ hour. Between the end of 
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“1G. 6— DYNAMIC FILTRATION FROM LIME-STARCH 


Mupb; AVERAGE PROPERTIES: 
API 30 min Filter Loss 4ml 
Marsh Viscosity 50 sec 
Stormer Viscosity 
Density 
Filtration Pressure 200 psi, Drill String Rotation 90 rpm, 
Mud Velocity Between 4! Drill Collar and 534 Hole: 
Run Velocity 
40 92 gal min 2.5 ft ‘sec 
4) 40.5 J 
42 195 24 
43 11 3.0 
Drilled Hole With Mud at Start of Test 43; See Part I! 
for Discussion of Drilling Filtration. 
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Fic. 7 — DYNAMIC FILTRATION FROM EMULSION MupD; 


AVERAGE PROPERTIES: 
API 30 min Water Loss 
Marsh Viscosity 
Stormer Viscosity 
Density 


Filtration Pressure 400 psi, Drill String Rotation 90 rpm, 


Mud Velocity Between 41% OD Drill Collar and 5'/2 in 
Hole. 
Run Velocity 
49 and 50 145 gal min 0 ft, sec 
53 62.5 


5 
2.1 
54 286 9.6 
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Fic. 9 STATIC FILTRATION FOR BENTONITE 
RuN 17 — Mupb PROPERTIES: 


API 30 min Filter Loss 
API Cake Thickness 
Marsh Viscosity 
Stormer Viscosity 
Censity 
Static Filtration After Dynamic Filtration With Equilibrium 
Rate of 0.44 mli/in.2 hour. 41/2 OD Slotted Liner in Hole 
During Static Filtration. Filtration Pressure 400 psi. Tem 
perature 70-90°F. 
dynamic filtration and the start of static filtration, the 
drill string was pulled and a 4'4-in. OD slotted liner 
was run into the well. 

Whenever a static filter cake is built upon a dynamic 
cake, or upon any filter media whose resistance to 
flow of filtrate is comparable to the resistance presented 
by the static cake, filtration volume can be described 
by a modification of the classic filtration equation. This 
equation is changed from: 


P Sees & fs a a a & a a oe 1 See 


to the following modified form: 

(yy + #1. =e +8.) a 2 - wr ie oe ee 
rhe resistance of the dynamic cake is represented’ as 
the resistance of fictitious static filter cake that was 
deposited in ©, hours with a flow of V,, ml /sq in. of 
filtrate. This modified equation with V,, = 6.6 ml/sq in.. 
0, = 15.5 hours and C = 2.82 m1 ‘sq in. hour is plotted 
as curve (A) on Fig. 9. 

The experimental static filtration data do not follow 
this modified equation for two reasons: 

1. As the drill string, including a rock bit, was 
pulled and the liner run, part of the dynamic cake was 
scraped from the well bore so that part of the static 
cake deposited on a clean sand face and part on a 
dynamic cake; 

2. The equation is derived for filtration through a 
plane filter whereas filtration in a well occurs on the 
inner surface of a cylinder. 

The next three paragraphs explain qualitatively the 
deviation of experimental static filtration data from the 
modified classic equation that is observed for the first 
30 hours of static filtration. This qualitative explanation 
shows that deviation can be attributed to partial removal 
of the dynamic cake by the bit as it is pulled and run. 

The volume of filtrate that flows through the well 
wall after part of the wall has been scraped clean by a 
bit is given by the equation: 

Y= ae, Fa Che. ss ws se s 
V. is the volume of filtrate that flows through the scraped 
portion of the well wall, V, is the volume of filtrate 
through the unscraped portion, « is the fraction of 
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the well wall that is scraped clean. V. changes with 


time according to Equation (2), whereas V,, changes 
according to Equation (3). The total volume of filtrate, 


V, is: 
V x (CO) + (1 <) ((Ce + Co,)* -—V.J. (5S) 


Exact numbers for «, C, 0, V, can be found to fit the 
experimental static filtration data of Fig. 9, but these 
numbers could not be applied to other filtration data. 
In order to discuss the effect of partial removal of the 
dynamic cake, therefore, « C, V,, and ©, have been 
assigned the following typical values: 

0.5 

2.25 mi’/’in.° 
16 hours 

6.0 ml /sq in. 


When these numbers are inserted into Equation 5, 
it becomes: 


V = 0.75 0* 0. 75 (8 + 16)* — 3.0 . (6) 


Equation 6 describes exactly the volume of filtrate that 
will flow after one-half of the dynamic mud cake has 
been scraped away. The solid line on Fig.’ 10 shows 
how, according to Equation (6), V varies as a function 
of ©. This solid curve has the same form as the plot of 
measured static filtration data on Fig. 9. An equation 
of the form of Equation (3) may be calculated from 
three points of the solid curve of Fig. 10 just as 
Curve (A) was calculated from the measured filtration 
data. For example, if the following three points are 
taken from the solid curve of Fig. 10; 

o=@ ¥y=@ 

6 = 50 ¥Y = 8.35 

© = 100 V = 326 


the calculated equation becomes: 
Y + £30 = 2.99 (@ + 256)" ....« « @&) 


The plot of this equation, the dashed line on Fig. 10, 
follows the solid line closely, but falls below the solid 
line near the origin. Thus the simple Equation (7) devi- 
ates from the exact Equation (6) just as Curve (A) of 
Fig. 9 deviates from the measured filtration data be- 
tween zero and 30 hours. Similarity of the measured 
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TypicaL STATIC FILTRATION AFTER DYNAMIC 
FILTRATION CALCULATED FOR (1) 50 PER 
CENT OF FORMATION FACE CLEANED AS 
Bit 1s Puttep (Soxtip LINE) AND (2) 
CALCULATED FROM EQUATION 3 TO FIT 
THE Sovip LINE aT @ = 0, 50, AND 100 
Hours (DasHED LINE). 
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11 FILTRATION ON PLANE AND CYLINDRICAI 
SURFACES. V. IS VOLUME OF FILTRATI 
COLLECTED ON CYLINDRICAL FILTER IN 0 
Hours; V, 1s VOLUME COLLECTED ON 
PLANE FILTER IN THE SAME TIME; Zz IS 
THE RATIO OF FILTRATE VOLUME TO CAKI 
VOLUME; AND r IS THE WELL Raptus. 


deviation to the calculated deviation is evidence that the 
measured deviation is also caused by the bit scraping 
part of the dnamic cake from the well bore. 


The discussion of the preceding paragraphs applies 
to filtration through a flat surface; whereas in a well, 
the filter surface (the well bore) is cylindrical. Fig. 11 
presents a curve that may be used to determine from 
volumes measured on a plane filter the volume of filtrate 
that will flow through a cylindrical filter. On Fig. 11. 
V. is the volume of filtrate that will collect on a 
cylindrical filter and V,, the volume of filtrate that will 
collect on a plane filter in the same time. The curve is 
derived from Darcy’s law for the flow of fluid through 
a cylinder and from the assumption that filter cake 
volume is proportional to filtrate volume. Cake _ per- 
meability was assumed constant, and the effect of mud 
gelation on filtration was neglected. From the derivation, 
V. and V, are related by the following equation: 


(yy /ayY = (% V.-zr) [log 2V../zr)] 
Ss: aaa P : cw » CB 


From this equation, V. is plotted as a function of V, 


on Fig. L1. 


When the well bore becomes filled with filter cake, 
filtration will cease. At this time, the volume of mud 
cake collected on each square inch of well bore will be 
(r/2), and the volume of filtrate collected will be 
(zr/2). 

Use of Fig. 11 is best shown by an example in which 
volume of filtrate collected on a plane filter is corrected 
to the volume collected in a cylinder. Assume the 
drilling mud to be a mud from which 10 ml of filtrate 
is collected during 30 minutes of filtration at bottom 
hole temperature and pressure in a filter cell of the 
Same size as the standard API cell (7 sq in.). This mud 
filters statically for 150 hours in a 8-in. hole. 

Then V, 10 ml (1/7 in”) (150/0.5)" 
24.8 ml/sq in. at the end of 150 hours. For most water 
base muds, we observed that z is close to unity so that 

V./zr = 6.2 mi/cu m. =0.38. 
Then from Fig. 11 at V,/zr = 0.38, V./zr = 0.333; and 
V. = 21.6 ml/sq in. The correction from 24.8 to 21.6 
is about 15 per cent 


' 
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- FILTRATION FROM BENEATH 


A DRILLING BIT 


PART II - 


Rotary drilling establishes an area beneath the bit 
where the formation is exposed to drilling mud at high 
pressure but is not protected by filter cake. Above the 
bit, filter cake is built which limits the penetration 
of filtrate into the formation. The properties of this 
cake — filter loss, thickness, toughness, penetration into 
formation, and pressure-temperature sensitivity have 
been studied for many years. 

Part I of this paper describes a study of filtration 
through bore walls during drilling. Studies of filtration 
trom beneath a drilling bit, however, have not been 
reported. Beneath the bit new formation is continually 
exposed as the bit chips and grinds the rock beneath 
it. Bit action and the mud stream prevent buildup of 
a mud cake that would limit flow of filtrate into the 
formation. Filter loss could be very high and radial 
penetration of filtrate from beneath the bit might be 
as great as the penetration of filtrate through the well 
walls above the bit. 

Closely allied with bottom hole filtration is the move- 
ment of connate liquid that saturates rock in the path 
of the drilling bit. This connate liquid may be picked 
up into the mud stream, or it may be forced ahead 
of the bit through virgin formation. 

The investigation described in this part of the paper 
was undertaken to study botiom hole filtration and 
movement of connate liquid ahead of the bit. 


LIMITS OF FILTRATION 


The study of filtration from beneath a drilling bit 
consists of two parts: (1) measurement of the quantity 
of fluid that crosses the hole bottom, and (2) mathe- 
matical description of the flow path of this fluid. The 
quantity of fluid that flows depends on filtration pres- 
sure, mobility of the fluid in the formation, and on plug- 
ging of the formation immediately beneath the bit by 
mud particles. The flow path of the fluid depends on 
the ratio of the drilling velocity to the fluid flow 
velocity through the bottom of the hole. 

This section describes the maximum flow of filtrate 
through the hole bottom and the radial distance this 
filtrate penetrates the formation. The “Results” section 
describes meas. ‘ements made at the model well of 
radial penetration on filtrate from the hole bottom. 

The maximum rate at which filtrate could flow be- 
neath a drilling bit would be described by potential flow 
of a liquid from a disk source into an infinite, per- 
meable formation. Fig. 12 (a) sketches the potential 


Potential Flow from Motion of Resuitent 
Hole Botton Hole Botton Feid 


12 — FLow PATH OF FILTRATE FROM BOTTOM OF 
Hoe BENEATH DRILLING BIT. 


FIG. 
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13 — FILTRATE FLOW AND CONNATE WATER FLow. 
A. @ Is Total Fluid Through Cylinder, Part Connate 
Water, Part Filtrate. Q, Is Filtrate Through Hole 
Bottom. 
&. 2% 0; All Connate Water Enters Mud Stream, No 
oe Wate Flows Ahead of Bit. 
CG. 1; No Connate Water Enters Mud Stream. 


FIG. 


flow streamlines from beneath a stationary disk source. 
This potential flow field when combined with the down- 
ward hole motion, Fig. 12 (b), gives the resultant flow 
field shown in Fig. 12 (c). This resultant field is char- 
acterized by a depth of filtrate penetration, 1, which is 
a function of the drilling rate, formation porosity and 
premeability to filtrate, flooding efficiency, pressure 
difference between hole and formation, and hole radius. 
For this theoretical discussion, the assumption is made 
that no filtrate passes through the hole wall. 

Two methods may be used to estimate filtrate pene- 
tration. First, the problem was analyzed mathematically. 
An exact solution of the potential flow problem was 
not obtained but maximum and minimum limits of 
filtrate penetration were established. Second, the authors 
of this paper employed an electric analog of the drill- 
ing well system to determine the filtration rate pre- 
dicted by potential flow theory. This analog is described 
in Appendix I. Maximum and minimum limits of 
filtration were calculated. The analytical lower limit 
agrees exactly with the minimum predicted by the 
electrical analog, and the upper limit lies well above 
the analog maximum. 

Both analysis and analog predicted filtrate invasion 
of from one to 15 hole radii for normal drilling 
conditions. Such invasion was believed excessive be- 
cause these studies neglected plugging by mud _par- 
ticles. Experimental data were needed, therefore, to 
determine if large filtrate invasion was probable. 

In order to calculate theoretical limits, the assump- 
tion was made that an infinite formation was saturated 
with connate water of the same physical properties as 
filtrate. Connate water in the formation that lies in the 
path of the bit either may flow, with drilling mud filtrate, 
into the formation around the bit, or may enter the 
mud stream along with sand and chips. All of the 
fluid that flows through the formation, therefore, is not 
necessarily filtrate. 

Fig. 13 (a) distinguishes between the volume rate 
of filtrate, Q;, crossing the hole bottom, and the volume 
rate of liquid, Q, moving through the formation across 
a cylindrical surface whose axis is common with the 
bore. The relationship between Q and Q, is given by 

Q=Q0,+A,¢U,X ‘ (9) 
where the symbols are defined in the nomenclature. 
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FILTRATE INVASION AS RESULT OF BENEATH 
THe Bit FILTRATION. 


FIG. 14 


X is the fraction of connate liquid, volume = A, ¢ U4, 
(within the formation that is drilled out by the bit) 
that is forced ahead of the hole bottom and not picked 
up by the mud stream with sand and chips. 

If large chips are cut by the bit as shown in Fig. 13 
(b), almost all the liquid within the pores of these 
chips will enter the mud stream and will not be forced 
into the formation below the hole bottom; then X will 
be small. If the bit drills be removing individual sand 
grains as shown in Fig. 13 (c), however, liquid within 
the pores between these grains can be forced ahead of 
the hole bottom by mud and will not enter the mud 
stream with the sand grains; then X will be near unity. 

The distance that filtrate penetrates into the formation 
also depends upon the efficiency, E, of displacement of 
connate fluids within the formation around the hole. 
Thus, 

QO, =Q-A,@U,X = xe(R’—Pr)oUsE . (10) 
where R is the radius of filtrate invasion and E is the 
fraction of connate fluids displaced by the advancing 
fluid front. From Equation (10), the ration of filtrate 
penetration depth, ¢, to hole radius, r, is obtained by 
substitution and rearrangement. 

an : Ove » « M) 

r E A, ¢ U4 
where t = R — r. In this equation, if Q@ = Q, (the flow 
rate predicted by electric analog) t/r is the theoretical 
maximum. In wells, Q may be less than Q,, because mud 
particles plug the formation beneath the bit and pre- 
vent filtrate and connate liquid from flowing at the 
rate predicted by potential theory. 

Fig. 14 plots (U,sA,¢/Q.), E assumed equal unity, 
against filtrate invasion expressed as the ratio, t/r. Ex- 
pressed in consistent units, the grouping (U,A,¢/Q,,) is 
dimensionless, but in Fig. 14, it is expressed in field units 
for convenient application. (U,A,¢/Q.) is the ratio of 
formation pore drilling rate, U,A,¢, to theoretical filtrate 
flow rate, Q, For potential flow from well bottom into 
the formation, two limits of t/r may be calculated from 
Equation (11) in terms of (U.A,¢/Q,) for assumed 
flooding efficiency of 100 per cent. They are (t/r) mas 
for the condition ¥ = O and (t/r),.. for X = 1. Both 
limits may be calculated using filtrate flow rates, Q., 
which are expressed from electric analog results as 

ml 


k 
QO. “= = (0.792 PF... << 
in 


38 * © JOURNAL OF PETROLEUM TECHNOLOGY 


FEBRUARY, 1954 


The difference between (7, r),,,, and (1/7r),,,, 18 connate 
water forced ahead of the bit from rock pore space 
drilled up by the bit. Curves of (t/r) aa. and (t/r) mi 
are plotted on Fig. 14 as calculated from Equation 
(11) with QO = Q.,. 

If no filtrate crossed the hole bottom, Q; = O, and 
all connate water was forced ahead of the bit, X= 1, the 
experimental method would have measured this volume 
movement as filtration. As pseudo filtration, the cal- 
culated depth of invasion would be t/r = 0.41 and this 
invasion is plotted as a line on Fig. 14. When (t/r) au. = 
0.41, then (t/r) Q. For larger (UsA,¢/Q.) the 
driving potential is not sufficient to cause a movement to 
(t/r) = 0.41 so that this line does not extend to the 
right of the potential flow curve. 


EXPERIMENTAL METHOD 


In order to utilize Equation (11) to predict filtrate 
invasion radially into formations from beneath a bit, 
experimental measurements of Q were needed. The 
equipment and test procedure used at the model well 
are described in this section. 

Two types of formation were used. The first was 
made of Lumnite cement and sand; this type was the 
same as the formations used during dynamic and static 
filtration measurements. Permeability was about 10 md 
and porosity was 20 per cent. This formation could be 
used only with lime-starch and oil base muds because 
it contaminated clay-water mud. Also the material was 
soft, although of low permeability, and drilled rapidly 
with low bit weight. 

The second type of formation was made of outcrop 
sandstone from Boise, Idaho. This sandstone is a uni- 
form, not laminated, isotropic, feldspathic rock of about 
500 md water permeability. Drilling conditions more 
representative of field operations were obtained with 
this formation. The sandstone formations were built of 
two sandstone cylinders 18 in. in diameter and 36 in. 
long. They were cemented together with plastic ad- 
hesive laid in a waffle pattern so that vertical permea- 
bility was infinite and radial permeability low across the 
joint. Lumnite cement-sand concrete bonded the stub 
casings above and below the sandstone cylinders. 

Four different muds were used in six experimental 
runs: (1) field used clay-water mud treated with benton- 
ite, barytes, quebracho, and phosphate; (2) bentonite- 
water gel mud free of contaminates or large solid par- 
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ticles; (3) lime-starch mud; and (4) oil base mud. 
Properties of these muds are listed in Table 1. 

The procedure for saturating a formation was to 
evacuate it for 24 hours, flood with CO, to 60 psi, and 
again evacuate for 24 hours. Fresh water was then 
flooded into the formation to establish 100 per cent 
water saturation. 

Before drilling, mud circulation was established at 
100 gal./min and mud pressure set at 200 psi by apply- 
ing nitrogen to the closed circulation system. Makeup 
mud came from the surge chamber as needed. The drill 
string, consisting of a 5% in. three cone roller bit, a 
4% in. drill collar, and a kelly, rotated at 90 rpm during 
drilling. Weight on the bit was varied to maintain a con- 
stant drilling rate for each test. Drilling rates are listed 
in Table 1; they ranged from 6 to 43 ft/hour. 

Filtrate was collected continuously and a gauge glass 


TABLE | 


SUMMARY OF BOTTOM HOLE FILTRATION Data 
Rotary Drill Formation 

Speed Speed PorosityPerm 
rpm fph ype k md 


Run Press. Cir. Bit 
No. Mud i Rate Size 
gpm 
Field (1) 1 5 550 
90 1. 5 330 
90 6. 5 506 
90 32 6 10 
90 19 6 
6 


105 90 43 


BOTTOM HOLE FILTRATION 
Model Well Field Well 
Theor 
Test Max % Test Theory 
m! min mi min of = mi/min ml/min 
(7) (8) Max (9) (10 W Nn 


216 
211 
148 

8 


2 
36 358 32 
85 3582 61 


) Field clay mud; 71.5 pef, 40 sec Marsh, 10.1 m! 30 min API loss 

Bentonite Gel; 66 pcf, 53 sec Marsh, 10.5 m! 30 min AP! loss 

3) Oil Base; 70 pcf, 260 sec Marsh @ 70°F, 0.2 mi 30 min API loss 

(4) Lime Starch; 75 pef, 45 sec Marsh, 4.1 mi 30 min API loss 

(5) Natural outcrop sandstone from Boise, Idaho 

6) Artificial, Lumnite cement bonded, sandstone 

7) Measured flow, from outer surface of mode! well formations 
@e= Q, if X 

(8) Calculated for potential flow conditions from electric analog, Q 

(9) Test results corrected to constant pressure radius at 117 ft 

10) Same as (8) corrected to constant pressure radius at 117 ft 

11) Ratio of filtrate penetration distance to wel! radius 
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219 18,350 a 
216 10,980 9 
150 16,910 9 
31 358 5 
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level read every 30 seconds. Filtrate volume as measured 
would be sensitive to temperature changes in the system, 
but measurements made every five minutes showed the 
temperature to be constant. 

During each run, pump speed and mud pressure were 
recorded every five minutes. Mud samples were collected 
every five minutes, and density and Marsh Funnel vis- 
cosity measured. Mud properties showed no change 
except for a density increase caused by increased sand 
concentration. 


RESULTS 


The experimental data are plotted in Fig. 15, 16, and 
17. On all figures, the curve of bottom hole filtration was 
calculated by subtracting from the total measured filtra- 
tion the estimated filtration through mud cake on the 
bore wall. Derivation of this estimation is given in 
Appendix II. The liquid volume plotted as bottom hole 
filtrate is, QO, the sum of Q,, the volume of filtrate cross- 
ing the hole bottom, and of A,U.¢X, the volume of 
connate water forced to move through formation ahead 
of the bit. Whether flow was filtrate or connate water 
could not be distinguished. 

Runs 39, 43, and 44, plotted on Fig. 15, are charac- 
terized by rapid drilling in a tight formation with low 
filter loss muds. Runs 144 and 145 were made at lower, 
more representative drilling rates with clay water muds. 
During Run 144, the mud pump stopped automatically 
when crankcase oil pressure dropped below safe oper- 
ating pressure. The run was continued after remedy, 
and the data are satisfactory despite the interruption. 

The curve of total filtrate less side hole filtrate plots 
as a Straight line with scatter of the data points about 
the straight line. The corrected points are plotted in 
Fig. 15 to show scatter; the greatest scatter is in Run 
44 and is apparently a result of the high drilling velocity. 
The bottom hole filtrate curve of Run 144, Fig. 16, 
shows that the correction for side hole filtration 
accounted for all filtration during the time that drilling 
was interrupted. The same figure shows that the cor- 
rected bottom hole filtrate rate is the same before and 
after the interruption. 


During Run 145, Fig. 17, the drilling speed was 
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changed after drilling half way through the formation. 
No sudden change in the flow rate of total filtrate was 
observed. Consequently, the corrected bottom hole fil- 
trate rate, drawn as the best straight line through the 
data, shows a discontinuity at the time drilling speed 
was reduced. Some of the discontinuity results from the 
drilling rate being faster than the average, 11.6 ft/hour, 
just before reducing drilling speed to 6.2 ft, hour. 

The experimental conditions and measured data are 
tabulated in Table 1. The tabulated bottom hole filtrate 
rates were calculated with the assumption that all con- 
nate liquid within pore space in the rock drilled out is 
picked up into the drilling mud stream; XY = 0. In Equa- 
tion (9), this is equivalent to assuming that Q = Q,. 
Experimentally, this assumption could not be verified, 
but the assumption of Q@ = Q; was made for two reasons. 

First, use of this assumption expresses the largest 
possible filtrate invasion that can be calculated from the 
data, and thus the tabulated invasion may be too high 
but will not be too low 

Second, the opposite assumption, that all connate 
water was forced ahead of the bit and was experi- 
mentally measured as filtrate, will lead, for the premium 
mud data, to the conclusion that no filtrate entered the 
formation. 

If, for premium muds, flow rate of liquid from the 
drilled out formation (U,A,¢) is subtracted from the 
measured filtrate rate, a negative filter rate results and 
even for X = | connate water enters the mud stream. 
Thus, the tabulated filtrate invasions, which are based 
on X = 0, predict maximum invasion of drilling fluid 
filtrate. 

The invasion radius of bottom hole filtrate, shown in 
Table 1, was calculated with the assumption that filtrate 
flooded all of the connate fluid from the formation; the 
flooding efficiency, -, equalled unity. If the flooding 
efficiency is less, the invasion will be proportionately 
greater. Russell, Morgan, and Muskat” describe studies 
in which brines were flooded from sandstones by fresh 
water. They repert that 80 per cent or more of the 
brine was displaced ahead of the advancing flood front 
at breakthrough. 

Holmgren” describes water floods of sands saturated 
with 75 per cent oil and 25 per cent water. Displacement 
efficiency at breakthrough of the advancing flood front 
for this system is dependent upon viscosity ratios, and 
tor «,/u less than two the flood efficiency is about 45 
per cent. For the experimental system in which all 
liquids were water, assumption of 100 per cent flooding 
efficiency is reasonable. 

The experimental data plotted on Fig. 14 are plotted 
aS t/Pu. Calculated from Equation (3) as 


(- ) ’ (1 . uaz) 


against the term 


(13) 


UsAn¢ 


Q. 
V, is the theoretical filtrate flow of Equation (12), and 
Q is the measured filtration flow from Table |. The data 
tor high speed drilling with premium drilling mud and 
the normal speed drilling with water-clay mud form two 
separated groups of data because of differences in forma- 
tion permeability and drilling rate. 

The clay water mud data, Runs 144 and 145, fall 
tar short of the theoretical limit of filtration, thus indi- 
cating that particle bridging effectively controls water 
loss even at bottom-hole drilling conditions. Further, 
because of the proximity to t/r = 0.41 we suspect that 
40 © « 
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the measured filtrate consists largely of displaced connate 
water 

The data on premium mud are above the theoretical 
(t/ 7) min and below the theoretical (1/r) max. Filtrate flow 
is so small that the maximum filtrate invasion is of the 
order of 0.5 in. The measured flow, Q, may be the result 
of either filtration or connate water movement. At the 
high drilling rate and low formation permeability, how- 
ever, the mud pressure was not high enough to move 
all of the connate water in the drilled formation. Even 
if no filtration occurred, Q,; = 0, only about 20 per cent 
of the connate water could flow ahead of the bit; the 
remainder would enter the mud stream. 


COMPARISON TO OTHER EXPERIMENTAL DATA 

Very little experimental data on filtrate penetration 
or invasion of liquid mud are available and applicable 
to bottom-hole drilling filtration. Nowak and Krueger’ 
studied filtration through cores that were continuously 
surface scraped and against which a drilling mud stream 
jetted at high pressure. The data show that for field 
clay-water mud filtration was only about a tenth the rate 
calculated from potential flow theory through a 115 md 
core. The filtrate rate was not proportional to permeabil- 
ity, however, but was more nearly constant for a range 
of permeability from 15 to 247 md. This indicates that 
the flow was controlled primarily by plugging of the 
core with clay particles. 

The Nowak and Krueger data can be used to calcu- 
late bottom-hole filtrate invasion for comparison, on 
Fig. 14, with the present data obtained under very differ- 
ent conditions. For their test conditions of 1000 psi 
differential pressure, 175°F temperature, 100 ft/min 
mud velocity, 115 md consolidated sandstone core, field 
clay-water mud, and both jetting and scraping the core 
face, Nowak and Krueger obtained a filtrate rate of 92 
ml hourly/sq in. of flow surface. This is 0.70 cu ft of 
filtrate per hour. 

If the same assumptions are made as were applied in 
calculating (t/r) from the present experimental data, 
namely that X = O, the data of Nowak and Krueger plot 
as skown by solid lines in Fig. 14, even less filtrate pene- 
tration results than was measured in the model well drill- 
ing tests. If the model well data are calculaved from 
Equation (11), however, (with X¥ = 1) as 


than the model: well data plot is shown by crosses on 
Fig. 14. Use of Equation (14) assumes that in the 
experimental equipment connate water was displaced 
by the advancing hole bottom. If this occurred, the 
Nowak and Krueger data should be compared to 
(t/r) mi. and in doing so on Fig. 14 a much closer agree- 
ment is observed. 

The high temperature and pressure of the Nowak and 
Krueger tests might be expected to produce higher fil- 
trate invasion than measured at the model well. This was 
not observed. Apparently the drilling operation con- 
tributes to higher filtration rates 


(14) 


PART III ESTIMATED FILTRATE INVASION 
In this section, filtrate penetration into a permeable 
sand is estimated. The calculation shows how the data 


presented in this paper may be used and emphasizes the 
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difference in filtrate invasions that occur during dynamic 
and during static filtration. 

Assume the estimate to be made of filtration in a sand 
at 7,000 ft and that total depth of the well is 7,500 ft. 
The hole will be drilled with a 75s-in. bit on 5-in. drill 
collars. An oil emulsion mud with the same properties 
as the fluid of Fig. 7 will circulate 170 gal./min, 2 ft/sec 
The schedule between the time the 7,000-ft sand is 
drilled and the time casing is cemented and mud filtra- 
tion stops is shown in Table 2. Filtrate that flows into 
the formation from cement is not within the scope of 
this paper and is not considered in this estimation. Three 
kinds of filtration will be encountered: (1) filtration 
from beneath the bit, (2) dynamic filtration, (3) static 
filtration. 

To estimate filtration from beneath the bit, refer to 
Equation (11) and Table 1. According to this equation, 
for E = 1 

. a 
Uy An 
Assume that the emulsion mud of this problem is simi- 
lar to the field mud of Run 144 so that for a 5%-in. 
hole, Q is 216 ml/min, and for a 7% in. hole, Q is 
455 ml/min. Then for an assumed porosity, ¢ = 20 per 
cent, and assumed X¥ = 0.5. 

(t/r) = 0.92 
and ¢, the invasion depth, is 3.5 in. 

Dynamic filtration is estimated with the aid of Fig. 7. 
For Run 53, dynamic filtration reaches equilibrium at 
a rate of 0.6 ml/in” hour after about 10 hours. 
Integration of this curve shows 40 ml/sq in. of filtrate 
to flow in 50 hours at 75°F. Bottom hole temperature at 
7,000 ft is about 200°F. At this temperature, auxiliary 
experiments show dynamic filtration will be about three 
times as great as at 75° so that 120 ml/sq in. will flow 


(t/r) =|1-X 4 


in 50 hours at 200"F. The depth to which this volume of 
filtrate will penetrate is estimated as follows: 

Filtrate Volume = 120 ml/sq in. x (+ x 7%) in. x 1 
in. x 0.061 in.’/ml. The volume of filtrate for each linear 
inch of hole is 176 in.’ This volume is related to R, the 
radial extent of filtrate invasion, as follows: 


rein =e fe (eas) | 


x | in. x 20 per cent 
From which R = 18.4 in. 

During the round trip, mud is static and filtrate col- 
lects according to classic theory. A complication arises, 
however, because as the bit is pulled it probably scrapes 
part of the mud cake from the well bore. For this 
example assume that the bit cleans all filter cake from 
25 per cent of the sand face each time it is pulled or 
run and that filter cake on the remaining 75 per cent of 
the sand face is not disturbed. 

The API filter loss of this emulsion mud is 4 ml at 


TABLE 2 — DRILLING SCHEDULE 
AND FILTRATE INVASION 


Invaded 
Zone 
Thickness 


Invasion 
Radius 


Filtrate 
Operation Time Volume 
Hours ml in. Inches 
Drill through zone at 5 ft/hour i 3.5 
. Drill below zone at 5 ft hour , 14.6 
. Round trip to replace bit i 14.8 
. Drill below zone at 5 ft/hour i 17.3 
Pull pipe, log well, run pipe 17.5 
Condition hole to run casing 
a. Circulate drilling mud 17.7 
b. Pull drill pipe 
. Run casing 1 
Cement casing, end of mud filtration 


Total Mud Filtration 138 


7.9 


17.9 
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room temperature; assume with the aid of the Schremp 
and Johnson paper’, that this filter loss is increased to 
7 mi at 200°F. The volume of filtrate that flows in 8 
hours, through the well bore that is scraped clean may 
be estimated with the aid of Equation (2) as 4.0 
ml /sq in. 

The volume of filtrate that flows through the 75 per 
cent of the sand surface that is not scraped clean by the 
bit may be estimated with the aid of Equation (3). The 
parameters V, and ©, are adjusted so that at the start of 
static filtration, filtration rate is the same as at the end 
of dynamic filtration. The average volume of filtrate is 
then 3.52 ml/sq in. and radial extent of invasion is 
18.6 in. 

For the second drilling stage, assume again that the 
bit, as it is run, cleans all filter cake from 25 per cent of 
the sand face. Then this area will collect 120 ml /in. 
hour of filtrate in 50 hours just as it did for the first drill- 
ing stage. For the 75 per cent of the sand face that was 
not scraped clean by the bit, assume dynamic filtration 
proceeds at the same rate that existed at the end of static 
filtration, 0.3 ml/sq in./hour; in 50 hours, 15 ml/sq 
in. of filtrate will collect through the unscraped area. 
Then the average filtrate volume that flows through each 
square inch of sand face is 41.2 ml; and this volume of 
filtrate extends the invasion radius to 21.1 in. 

In the fifth step, static filtration continues for 12 hours 
while pipe is pulled, the well logged and pipe run again, 
During this time, an average of 2.94 ml will flow 
through each square inch of bore face and this filtrate 
will extend the invasion radius to 21.3 in. 

During the two hours of circulation to clean the well 
before casing is run, dynamic filtration through the 25 
per cent of the well bore area that was scraped clean by 
the bit results in flow of 10 ml/sq in. of filtrate. 
Dynamic filtration through the unscraped area at the 
equilibrium rate of 0.3 ml/in.* hour results in flow of 
0.6 ml/sq in. The average volume of filtrate is 2.9 
ml/sq in.; this volume extends the invasion radius to 
21.5. im. 

After circulating mud to clean the hole, drill pipe 
is pulled and the casing run. During this time filtration 
is static. An average of 3.6 ml of filtrate flows through 
each square inch of well bore area and the invasion 
radius is extended to 21.5 in. 

The volume of filtrate that flows for each of the 
completion operations and the depth to which filtrate 
invades at the end of these operations is summarized in 
Table 2. 

The invasion radius reaches 85 per cent of its maxi- 
mum extent before the first period of static filtration and 
more than 90 per cent of the total filtrate flows from 
mud that is circulating whereas less than 10 per cent of 
the filtrate flows from mud that is static. The data that 
are presented here show that this large volume of filtrate 
that flows under dynamic conditions cannot be pre- 
dicted, even qualitatively, from the API filter loss test. 


SUMMARY 


1. Filtration from drilling mud during the drilling of 
an oil well is of three kinds: (1) static filtration, while 
mud in the hole is quiet; (2) dynamic filtration, while 
mud in the hole circulates; and (3) beneath the bit 
filtration, where bit action prevents filter cake accumu- 
lation. 

2. The filtrate flow rate for each of these three kinds 
of filtration was measured at the California Research 
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Corp. model well. The bottom hole mechanics of this 
well are similar to the bottom hole mechanics of a field 
well. Thus the effect of drilling rates and circulation 
rates on filtration could be observed. 

3. Static filtration rate can be predicted by the 
“classic” filtration law (V = Ce"’), even though as- 
sumptions made in the derivation of this law are not 
strictly true for mud filtration. 

4. Dynamic filtration rates are higher than static 
filtration rates. In the work reported here, dynamic fil- 
tration became constant after about 15 hours at rates 
that ranged from 0.05 to 1.5 ml/in.* hour. Seventy to 
90 per cent of the total volume of filtrate that enters 
permeable formations flows while the mud stream is 
circulating; only 10 to 30 per cent of the total volume 
of filtrate enters the formation during static filtration. 

5. Liquid flow through the bottom of the hole beneath 
the bit during drilling causes fluid movement in the rock 
surrounding the hole bottom. The fluid that moves may 
be either invading filtrate or connate liquid displaced 
from rock broken by the drilling bit. 

6. Movement of fluid through rock around the hole 
bottom was measured at the model well during drilling 
with clay water, lime-starch, oil base, and gel muds: 
drilling speeds ranged from 6 to 43 ft an hour. 

7. The measured fluid movements were compared to 
maximum flow rates calculated from electric analog 
potential flow rates. The measured fluid movements, 
which represented possible filtrate invasions of from 
0.04 to 0.64 well radii, were much smaller than the 
potential flow radii of from 0.3 to 14.3 well radii. Mud 
particle bridging and plugging apparently limit the 
flow of filtrate from mud stream to formation even 


beneath the bit where no mud cake exists. 
8. At the model well, connate water in motion could 
not be distinguished from filtrate, but by comparing 


data with those collected by Nowak and Krueger, we 
conclude that much of the measured movement was 
due to displaced connate water and was not drilling 
mud filtrate. 


NOMENCLATURE 


Area in general 

mr area of hole bottom 

Proportionality constant or 
constant 

Flood efficiency, fraction of connate fluids dis- 
placed from pores by advancing fluid front 

Permeability 

Permeability of mud filter cake layer 

Representative dimension that fixes scale of 
geometrically similar systems 

Representative dimension of model that fixes 
model scale 

Exponent 

Pressure 

Pressure gradient in filter cake layer at the time 
it is deposited 

= Volume rate of liquid moving through the 

formation across any cylinder whose axis is 
common with the well bore 

Volume rate of filtrate crossing the hole bottom 

Volume rate of filtrate flow from hole bottom 
calculated from formation permeability and 
filtration pressure 

API 30 minute water loss collected through a 
7-sq in. filter 

Radius of invasion of liquids 


static filtration 
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Electrical resistance 
Electrical resistance in electric model of field 
well 
Electrical resistance in electric model of model 
well 
= Well bore radius 
Radius to inner surface of filter cake 
R — r, depth of invasion of filtrate 
- Drilling rate 
- Filtrate volume 
Volume of filtrate through a cylindrical filter 
Volume of mud filter cake 
Volume of fictitious filtrate that would deposit 
a static cake equal in resistance to the 
dynamic cake 
Volume of filtrate through a plane filter of unit 
area 
Volume of filtrate through the portion of the 
well bore that is scraped clean when the bit 
is pulled or run 
Volume of filtrate through the part of the well 
bore that is not scraped clean when the bit 
is pulled or run 
Fraction of connate water, within the forma- 
tion drilled by the bit, that is forced ahead 
of the hole bottom and does not enter the 
mud stream with sand and chips 
Distance drilled along axis of well bore 
V./V,,, ratio of filtrate volume to mud cake 
volume 
Fraction of the well bore that is scraped clean 
by the bit as pipe is pulled and run 
Time measured from the start of static or 
dynamic filtration 
Time measured from the start of drilling 
- Time for the fictitious filtrate volume, V,, 
accumulate 
Viscosity, of water, unless designated 
Oil viscosity 
Specific resistivity 
Time to drill to x, (0, — r) is the time filtra- 
tion has been in progress at location 
Formation porosity 


ACKNOWLEDGMENTS 


The authors express their appreciation to W. T. Card- 
well, Jr., and W. W. Garvin who originally conceived 
the investigation of beneath the bit filtration, developed 
our interest in this problem, and, by provocative dis- 
cussions, helped us to arrive at the beneath the bit fil- 
tration results reported here 


REFERENCES 


“Recommended Practice for Standard Field Pro- 
cedure for Testing Drilling Fluids,” API RP 
29 (May, 1950) 3rd Ed. 

Schremp, F. W., and Johnson, V. L.: “Drilling 
Fluid Filter Loss at High Temperatures and 
Pressures,” Trans. AIME (1952), 195, 157. 

Stormont, D. H.: “Expermental Rig,” Oil and Gas 
Jour. (Dec. 14, 1950), 49, 61. 

“Mystery Rig at La Habra,” Petroleum 
(July, 1951) 48, No. 7, 28. 

Unit Operations, John 

New York (1950), 


World, 


a) Brown and Associates: 
Wiley and Sons, 
p. 242. 


Trans. AIME 





b) Badger, W. L. and McCabe, W. L.: 
Elements of Chemical Engineering, 
McGraw-Hill Book Company, Inc., New 
York, 2nd Ed., (1936), p. 494. 

c) Walker, W. H., Lewis, W. K., McAdams, 
W. H., and Gilliland, E. R.: Principles of 
Chemical Engineering, McGraw-Hill 
Book Company, Inc., New York, 3rd Ed.., 
(1937), p. 342. 

Prokop, C. L.: “Radial Filtration of 

Mud,” Trans. AIME (1952), 195, 5. 

Williams, M.: “Radial Filtration of Drilling Mud,” 
Trans. AIME (1940), 136, 55. 

Beck, R. W., Nuss, W. F., and Dunn, T. H.: “Flow 
Properties ot Drilling Muds,” APJ Drilling 
and Production Practice (1947), p. 9. 

Grace, H. P., “Resistance and Compressibility of 
Filter Cakes, Part I,” Chem. Eng. Progress, 
(June, 1953) 49, 6, 303. 

Russell, R. G., Morgan, F., and Muskat, M.: 
“Some Experiments on the Mobility of Inter- 
stitial Waters,” Trans. AIME (1947), 170, 51. 

Holmgren, C. R.: “Some Results of Gas and Water 
Drives on a Long Core,” Trans. AIME, 
(1949), 179, 103. 

Nowak, T. J., and Krueger, R. F.: “Effect of Mud 
Filtrate and Mud Particles on Permeability of 
Cores,” API Drilling and Production Practice 
(1951), p.. 164. 


Drilling 


APPENDIX I — ELECTRIC ANALOG 
METHODS AND COMPUTATIONS 


The maximum possible filtrate invasion into a uniform 
formation from beneath a drilling bit would occur it 
there were no filter cake resistance to flow of water. For 
this condition the flow of filtrate is described by Darcy’s 
law and a potential flow field exists. 

The analogy between incompressible fluid flow and 
current flow is given by the following equations: 

I 


: rm 
F a = ¢" 
luid flow, P = C Lk Q 


e-I=R 


Electricity, Emf = C 
where symbols are given in the nomenclature. The con- 
stant of proportionality, C, is fixed by the system geo- 
metry. In the electrical system, 
— R.L,, 
p 

which can be determined experimentally. With the con- 
stant, C, the pressure drop in the fluid flow, or proto- 
type, system can then be calculated. 

Two electrical models were used. One modeled the 
model well system and the other modeled a well in a 
reservoir of 117 ft drainage radius. Brass or copper sur- 
faces were used for constant potential surfaces and a 
CuSO, solution was used for the electrolyte. Small, con- 
stant potential surfaces were platinized. 

The electrical circuit was a Wheatstone bridge, one 
side of which contained a variable resistance and vari- 
able capacitance in parallel with each other and in 
series with the model. The bridge was resistance and 
capacitance balanced and the resistance then recorded. 

No attempt was made to move the center electrode, 
or well bottom, during resistance measurements as the 
analog would then fail. The total resistance was deter- 
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mined at several levels in each model and, in the model 
well model, the hole was displaced from the vertical 
axis and, except when the boundaries were approached, 
only small effects, +3 per cent, were observed. 

Typical results for the model well model gave an 
average resistance, from six readings at six depths of 
drilled hole, of 351 ohms when the specific resistivity 
of the electrolyte was 2235 ohm-cm. The field well 
model had a resistance of 8500 ohm for an electrolyte 
of 3970 ohm-cm specific resistivity. Relative resistance 
of field and model well systems is computed as 


. b De 
8500 x 


, _ RAL/La)« be 
a | eB Lin) e Pr 


where R’ is the ratio of resistance to flow of fluid 
through the field well system to resistance to flow 
through the model well system. Despite the small outer 
radius of the model well formation, a good approxima- 
tion to reservoir flow was obtained. R’ is used to con- 
vert model well data to reservoir conditions. 

The theoretical maximum flow of filtrate from be- 
neath a drilling bit into a field well formation is, 

QO wie P 
a 

where C = 0.329 x 1.18 = 0.388 if units are expressed 
as Q cc/sec, k darcy, « cp, r’ cm, and P atm. Then, 


k 
Q, ml = 0.792 ( ) ry af 
min Mu 


has been substituted for 
the representative 


(15) 


in which the well radius, r, 
the well diameter, which was 
dimension. 


APPENDIX II — SIDE HOLE FILTRATION 


To obtain data on the bottom hole filtration and 
connate water movement, the experimentally measured 
volumes must be corrected by subtracting from them 
the side wall filtration. Side wall filtration is calculated 
from the condition 

VY = Cao" 
the distance drilled, and U,, 
x 
U, 
and for an elemental area 27rdx at some A 
ay = 22Cr(0 rT) 


For x, the drilling rate 


2 « Crax(©, — r)}* = Uydr 


and 


where 
gq ml 
30x 7 

The calculations carried out from Equation (16) are 
plotted in Fig. 16 and 17. For Run 145, Fig. 17, a 
15 ml API water loss was used rather than the measure 
10.5 ml in order to linearize the experimental data. 
Apparently erosion of mud cake due to circulation 
and drill string rotation was greater for gel mud than 
for solids-loaded field mud. xx 
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AN EXPERIMENTAL INVESTIGATION of the S.P. 
and RESISTIVITY PHENOMENA in DIRTY SANDS 
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P. F. SOUTHWICK 
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ABSTRACI 


The importance of the so-called “dirty sand” or “con- 
ductive solids” problem in electric log interpretation 
was first stressed in a paper presented in 1949. Since 
that time the problem has been generally recognized 
as a most serious one. Several research papers bearing 
on the theory of the effects of clay contaminants on 
reservoir rock resistivities have appeared. These papers, 
while contributing to the theory of the problem, have 
not offered any practical solution. 

In the present paper an experimental investigation 
has been made of the effects of ion-exchange materials 
on the electrical properties of natural and synthetic 
porous media. The method used to make synthetic dirty 
sands is entirely novel and has proved a valuable guide 
to a better understanding of the properties of dirty 
sands generally. The effects of ion-exchange materials 
on both the resistivity and self potential (S.P.) logs 
have been examined. From the data obtained it has 
been possible to formulate a simple, practical method 
whereby electrical logs of dirty sands can be qualita- 
tively interpreted. The method is in all essentials identi- 
cal to that presently in use for interpreting clean sands. 
New light has also been thrown on the significance of 
the term formation factor when it is applied to dirty 
sands. 


‘References given at end of paper 
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INTRODUCTION 


In 1949 a paper was presented’ which showed that 
the presence of so-called “conductive solids” introduced 
considerable complexities into the analysis of the re- 
sistivities of dirty sands, i.e., permeable formations con- 
taining clay. The reduction of the self potential (S.P.) 
resulting from the presence 9%f interlaminated shale o1 
interstitial clay in permeable formations has been dis- 
cussed by Doll. 

Noteworthy papers which dilate further upon the 
effects of shale and clay on the resistivity of permeable 
formations those of deWitte,*” Berg,” Wyllie,” and 
most recently, Winsauer and McCardell.” The last 
authors have endeavored to elucidate the chemistry of 
the resistivity phenomena in dirty sands in terms of an 
adsorption hypothesis. Specifically, they attribute the 
electrolytic conductivity of shales and clays within a 
permeable formation to an ionic double-layer effect and, 
for this reason, regard the term “conductive solids” as 


are 


a misleading one 

Some consideration has been given to the effect of 
dirty sands on the S.P. by Wyllie’ and by McCardell, 
Winsauer and Williams 

Published work to date has cast light only on certain 
theoretical aspects of the problems created by the 
presence of clays and shales within permeable forma- 
tions. One object of this paper is to describe experiments 
which serve to elucidate further the theory of the 
dirty sand problem and particularly the significance 
of the term “formation factor” as applied to dirty 
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sands. A second and more important object is to pre- 
sent experimental data which bear on practical methods 
of overcoming the difficulty of interpreting electric logs 
of dirty sands. 


STATEMENT OF PROBLEM 
In a clean, permeable water sand, formation factor 
F" may be defined as 


— R. a ar oes ee ee i <eieod (1) 


Re 


where R, is the resistivity of the sand saturated with a 
fluid of resistivity, R,.. The value of F is a constant 
which is independent of the magnitude of R,. 

In a sand which contains clay aggregates or shale 
flakes, Equation (1) no longer holds. However, Equa- 
tion (1) may be generalized and an apparent formation 
factor, F,, defined so that 


R, 


_=— (2) 
w 

In Equation (2), F, is not a constant independent ot 

the magnitude of R, unless the sand is free of clay 

contamination. For dirty sands it is found that F, 

decreases as R,, increases. 

The S.P. deflection recorded on an electric log oppo- 
site a thick permeable formation which contains clay 
is smaller than the S.P. deflection opposite an otherwise 
similar thick formation which contains no clay or 
shale.” By “otherwise similar formation” is here meant 
specifically a clean formation saturated with saline water 
identical to that which can be produced from the forma- 
tion containing the clay. 

Now it has been shown" that, as a 
approximation in many cases, the S.P. opposite a clean 
and thick permeable formation is related to the resistivi- 
ties of the mud filtrate and interstitial water in the 
formation by the following relationship. 


reasonable 


(3) 


Rut 
S.P. = kT log — 
T log R 


w 


In Equation (3), k is a constant, 7 the temperature 
in “K and R, the resistivity of the interstitial water 
in the formation. From Equation (3), if the S.P. is 
diminished because of the presence of shale and clay 
in the formation, the resistivity of the interstitial water 
computed will be increased. The abnormally large resis- 
tivity so computed may be designated R,,, the apparent 
interstitial water resistivity. * 
In practice, F, is obtained by utilizing the resistivity 
of that portion of a permeable formation which lies 
immediately behind the mud filter cake in a borehole. 
The portion of sand behind the filter cake, in the case 
of a water sand, is believed to be fully flushed by mud 
filtrate. The resistivity of the flushed zone, R,,, may be 
determined by logging.’ For dirty water sands, there- 
fore, an apparent formation factor may be obtained 
from the relationship R,,/R,,;, while an apparent 
“It seems worth emphosizing that because cf the assumptions utilized 
to derive Equation (3), this equation may not be applied to dirty 
sands in order to compute a true interstitial water resistivity. In other 
words, the value of Rwa calculated for a dirty sand is not equal to 
Rw. That Rwa is itself of significance is a conclusion reached in the 
present paper. However, although Rwa may itself be useful, it is 
not the resistivity of the water which could be produced from the 
dirty sand. Attempts to apply Equation (3) to dirty sands by arbi 
trarily decreasing the value of the parameter (kT) heave been made 
Such methods are perfectly fecsible and may enable Rw to be com 
puted approximately. Nevertheless, they are entirely lacking in theo 


retical justification and, as such, may give rise to large errors if 
indiscriminately used. 
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interstitial water resistivity, R,,, may be calculated from 
Equation (3) by utilizing the S.P. read directly trom the 
1og.** 

If Ry Ras, as is usually the case, the apparent forma- 
tion factor obtained from the ratio Ry, Ryu- is smaller 
than one computed from the ratio R,/R,. On the other 
hand, the apparent interstitial water resistivity, R.., 
calculated from the recorded S.P. by the use of Equa- 
tion (3) is greater than the true resistivity, R,. Clearly, 
the product (R,./Rur)Rea, When compared with the 
corresponding product (R,/R,.)R,, contains one term 
which is smaller and one which is larger than its 
counterpart. M. P. Tixier has suggested to the writers, 
with his customary intuition, that the product 
(R,./Rme)Re. = (R./R~)R. = R., the resistivity of 
the dirty sand saturated with interstitiai water. From «a 
priori considerations such a conclusion is not obvious. 
lixier’s suggestion implies that the simultaneous experi- 
mental investigation of resistivity and S.P. phenomena 
in dirty sands should be profitable. It is this approach 
to the problem which has been followed below. 


THEORETICAL MODEI 

Consider the electrochemical cell which is set up 
between a shale stratum, a dirty sand containing 
saline water only (no hydrocarbons), and the mud in 
the borehole. It will be assumed, as outlined elsewhere, 
that the presence of clay imparts to the pores of the 
sand an average fixed negative charge of activity, A. 
The magnitude of this charge is defined in terms of 
moles per thousand grams of physically mobile water 
in the sand. The negative charge is electrically counter- 
balanced by the presence of cations. These cations may 
be considered, for simplicity, to be sodium ions, but 
it may be noted that a portion of them are frequently 
divalent ions such as calcium.’* For the purpose of this 
discussion, it is immaterial how the negative charge on 
the clay lattice. It is convenient to emphasize here, how- 
adsorption as suggested by McCardell et al,” but is 
more probably the consequence of charge deficiencies in 
the clay lattice. It is convenient to emphasize here, how- 
ever, that the charged clay particles possess cation- 
exchange properties. 

The total number of cations in the water contained 
within a dirty sand is greater than the number that 
would be anticipated on the basis of an analysis of a 
produced sample of the water. In the produced water, 
for reasons of electrical neutrality, one sodium ion would 
be found for each chloride ion, if hydrolysis is neglected 
and assuming, for simplicity, a sodium chloride solution. 
More generally the equivalents of positive and negative 
ions are equal.) Within the sand, sodium ions, which 
act as counterions to the charged clay particles, are also 
in solution. While these ions tend to congregate in 
the vicinity of charged surfaces and are not uniformly 
distributed, they may be considered effectively to in- 
crease the average concentration of sodium ions in the 
sand. This effect is most marked when the volume 
of mobile water is small by comparison with the volume 
of charged material distributed uniformly throughout 
the sand. The ionic distribution has been considered 
by McCardell et al, in more detail.’ 

**It is assumed that the formation is sufficiently thick so that the reduc 
tion of S.P. which results from geometrical effects’ may be ignored 
It is also assumed that streaming potential effects are negligible. 
*The divalent ions are frequently replaced by sodium ions (by cation 
exchange) in the zone of filtrate invasion. Since sodium clays are more 
conductive than calcium or magnesium clays such exchange may, in 


extreme cases, still further complicate the interpretation of dirty sands 
This possibility is not considered in the present paper 
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BOREHOLE. 


The average cationic activity of the solution in the 
pores of the dirty sand may be written as a,,, where 
a, would be the activity measured on a sample of water 
produced from the sand. The potential across the shale 
between the dirty sand and mud will be 

RI ee 


In ~ ie «& ee a 2 
F a 


as shown in Fig. 1. Here a,, is the cationic activity 
of the mud in the borehole. 

Now if the dirty sand is invaded by mud filtrate from 
the borehole, the average cationic activity of the mud 
filtrate in the pores of the dirty sand will be increased 
by the presence of the cations which balance the nega- 
tive charges on the clay particles in the sand. Let this 
average cationic activity of the mud filtrate in the in- 
vaded zone be a,,,. 
activities 
the mud 
potential’ 
The 


between the 
mud and of 
Donnan 
invaded zone. 


Since there is a difference 
of the cations of the borehole 
filtrate in the invaded zone, a 
occurs across the d4nterface borehole 
magnitude of this potential is 

= In = — & Ey 
F Bin 
For a clean sand this potential does not exist, since for 
a clean sand ay, = Qua. 

A liquid junction potential is also set up in the dirty 
sand between the mud filtrate which has penetrated into 
the sand and the interstitial water. The magnitude of 
this potential is approximately 
RI sa 


In 
F ‘.. 


Ux, 
Us, + U. 


U 


where | and U,j,, are the average 


mobilities of sodium and chloride ions in the interstices 
of the dirty sand. In Equation (6) cationic activities 
are written for mean activities. In moderately dirty 
sands this is probably a reasonable approximation. 


*In Equations (4) to (9), RT/F preceding a logarithmic function has its 
customary thermodynamical significance, i.e., is the gas constant 
T the absolute temperature and F the Faraday 


16 * * JOURNAL OF PETROLEUM TECHNOLOGY 


FEBRUARY, 1954 


The total potential of the chain, ie., the S.P. that 
would be recorded, is the algebraic sum of the potentials 
in Equations (4), (5), and (6). It is approximately 


aF: = _ —+U =. ie (7) 
F F Re 

Note that the actual activity of the mud does not appear 

in Equation (7). The mud in front of the dirty sand 

is negative with respect to that in front of the shale if 

Aen 7 @ 

In the above derivation, certain simplifying assump- 
tions have been made. These assumptions are believed 
to be quite compatible with the accuracy required in 
the practical solution of the problem. A more detailed 
thermodynamical discussion of the potentials across an 
imperfect, charged membrane, of which a dirty sand 
is a crude natural embodiment, has recently been pre- 
sented by Scatchard.’ 

It may be noted also that the shale overlying the 
dirty sand has been considered to be a perfect cation- 
exchange membrane. Reasons for adopting this view 
have been presented in detail elsewhere.’ These reasons 
are believed to override considerations based on labor- 
atory data in cases where constant shale baselines are 
observed on logs.” 

The earth train shown in Fig. | may be set up in 
the laboratory, but measurements on such a train are 
not readily made. It is more convenient to make poten- 
tial measurements of part of the train and to derive 
the overall S.P. from these measurements by appropriate 
calculations 

If the potential is measured across a dirty sand sat- 
urated with saline water of activity, a,, (measured on 
a sample) and invaded by a solution of external activity. 
a,,, the potential distribution is as follows: 


{ 
a a Gwe ay 
{ 


Dirty Sand 


Across the interface between a,, outside the dirty sand 
and a,,, inside the sand, the potential is 


R1 a 
lr 
I a 
Ihe liquid junction potential between a,,, 
the dirty sand may be written, 
RT Rs 


l In 
F Que 


and a,, inside 


Across the interface between a,, inside the dirty sand 
and a, outside, the potential is 


RT ay 
In 
I ay 
The overall potential, E, is the algebraic sum of the 


three potential components, i.e., 


Gora 
In . (8) 
Awa 


R1I a RT as RI 
a In ; F In te l FE 
A comparison of Equation (8) with Equation (7) 
that the equations differ only by the 


reveals two 


a . P . 
the Nernst potential of a 


RT 
quantity In 
: F a. 
perfect cation-exchange membrane electrode. This quan- 
tity is readily calculable. Thus, 


RT a, 
a. =f In 
F a, 
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or, More Conveniently, since a, > a,, in Most cases and 
only numerical values are required, 
ay 


RT i LE s 
+ —— bs los eee 

It may be noted that the derivation of Equation (9) is 
not dependent on assumptions made to calculate the 
liquid junction potential between the two saline solu- 
tions within the pores of the dirty sand. In the sign 
convention used, the term FE has the same sign as 


RT ay ; : 
F In for clean sands, but is of opposite sign for 
F Gy, 


very dirty sands. 


a. = 


EXPERIMENTAI 
ARTIFICIAL Dirty SANDS 


Initial experiments were conducted with artificial dirty 
sands. There were three principal reasons for using 
artificial materials. One was the desire to magnify the 
effects which were to be studied by using very dirty 
sands. The second was to vary the dirtiness of a sand 
without changing the basic geometry of its solid con- 
stituents. The third was the desire to reproduce results. 
None of these aims can be realized with natural 
materials. 

A very dirty natural sand is generally also almost com- 
pletely impermeable. Again, natural variations make it 
highly probable that two specimens which differ in clay 
content, even if from the same formation, are texturally 
identical. A natural dirty specimen can be used only 
once, since the dispersion of clay minerals resulting 
from the use of saturating solutions of low salinity 
causes irreversible changes in its properties. Accord- 
ingly, use was made of the fact that synthetic cation- 
exchange materials are, in their electrochemical prop- 
erties, closely analogous to natural clays. 

The fact that the cation-exchange properties of 
synthetic cation-exchangers result from the presence of 
negative groups on their matrices and not from charge 
deficiency in the lattice or adsorption was considered. 
for initial experiments, to be of littke moment. Further, 
if sulphonated polystyrene cation-eychangers are used. 
it is possible to obtain the material in the form of 
almost perfect spheres. In this event, Amberlite IR-120 
was chosen and wet-sieved to 40-50 mesh U.S. Standard 
Screen Series. 

Four artificial sands were prepared, 

a. Composed entirely of Amberlite IR-120 spheres 
packed to a porosity of approximately 40 per 
cent. 

. Composed of a homogeneous mixture of Am- 
berlite IR-120 spheres and 40-50 mesh glass 
spheres in the. proportions 20 per cent by volume 
glass and 80 per cent by volume IR-120. The 
porosity of the mixture was again about 40 
per cent. 

c. Similar to b., but composed of 60 per cent by 
volume of glass and 40 per cent by volume of 
IR-120. The porosity of the mixture was again 
about 40 per cent. 

d. Composed entirely of glass spheres packed to a 
porosity of about 40 per cent. 

In order of listing, the four artificial sands grade 
trom the equivalent of extremely dirty through very 
dirty and dirty, to perfectly clean, natural sands. In 
*Made by the Rohm ard Haas Company of Philode!mhia. who state it 
to be ao nominal 8 per cent divinyl benzene crosslinked sulohonated 


polystyrene copolymer. For purposes of this investigation, it is closely 
analogous to Dow Chemical Compony’s Dowex 50 cation exchanger 
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Fic. 2 SCHEMATIC ILLUSTRATIONS OF APPARATUS FOR 
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SATURATE THEM AND FOR THE MEASUREMENT OF LIQUID 
JUNCTION POTENTIALS BETWEEN DISPLACING AND Dts- 
PLACED SATURATING SOLUTIONS. 


all cases, the superficial geometry of the solid particles 
composing the sand is similar; an aggregate of spheres 
of approximately 40 per cent porosity. 


NaTURAL Dirty SANDS 


Three natural dirty sands were also tested. These were 
selected at random from cores available and were: 
(a) Stevens Sand, Paloma, Calif.; (b) Yegua Sand, Hull 
field, Tex.; and (c) Kernco Sand, Fruitvale field, Calif. 
METHOD OF MEASUREMENT 

A schematic representation of the apparatus used 
is shown in Fig. 2. 

The specimens were packed in a glass tube (artificial 
dirty sands) or encased in Lucite (natural specimens). 
Each face of the specimens was in intimate co tact 
with a platinized-platinum gauze screen. Leads from the 
screens were taken to a 1,000-cycle conductivity bridge. 
A specimen was first saturated with a solution of very 
low mean activity and its resistance measured. From 
this resistance the resistivity of the specimen was cal- 
culated. A second solution of mean activity twice that 
of the solution in the specimen was then forced by gas 
pressure into the specimen holder from the bottom, so 
as to displace the first solution from the specimen. 

While the interface between the first and second 
solutions passed through the specimen, readings of the 
potential between two saturated calomel electrodes were 
made. Saturated KCI bridges were used. One calomel 
electrode and bridge was in the reservoir containing 
the second solution, the other in the line leading from 
the top of the specimen holder. A number of potential 
measurements were made with the interface stationary 
at different levels in the specimen. A stationary inter- 
face is necessary, particularly when solutions of very 
high resistivity are used, in order to avoid measuring 
a streaming potential in addition to the electrochemical 
potential between the two solutions. The potentials 
measured at different levels of the interface were gen- 
erally very similar although not identical. The differences 
probably resulted from inhomogeneities in the speci- 
mens. The average of a number of readings obtained 
as an interface passed through a specimen was recorded. 
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After the potential measurements had been made, the 
KCI bridges were removed to obviate any contamination 
of the entering solution, and the second solution flowed 
until the resistance of the specimen became constant. 
The resistivity of the solution leaving the top of the core 
was also checked at this time to insure that it was iden- 
tical to the resistivity of the solution entering at the 
bottom. A third solution of twice the mean activity of 
the second was then forced into the specimen from the 
bottom and the measuring procedure repeated. The 
sequence was continued until the mean activity of the 
last solution used approached that of a saturated 
solution. 

The solutions used with all four artificial specimens 
and the three natural specimens were made from C.P. 
NaCl. 

RESULTS 

Ihe principal experimental data obtained are con- 
veniently summarized in Fig. 3 and 4. Fig. 3 shows the 
recorded potentials and Fig. 4 the conductivity data. 
For convenience, the potentials in Fig. 3 are recorded 
in the form of a Meyer-Sievers-Teorell” plot in which 
the potential (in millivolts) is plotted on a linear ordi- 


(in moles ') as abscissa on a logarith- 


1 
nate against ——— 
a 


mic scale. Here a, represents the mean activity of the 


more dilute NaCl solution used in the potential experi- 


ments. As noted above, the ratio of the mean 


a 
activities of the two NaCl solutions employed for each 
displacement was maintained constant at a ratio of 2.0. 

For purposes of comparison, theoretical curves are 
also shown on Fig. 3. These curves are calculated for 
a fixed charge A 1.0 and varying ratios of the mobili- 
ties of the Na and Cl ions, Us, and U.., within the 
specimens. Since the Meyer-Sievers-Teorell theory ne- 
glects transfer of water and makes other approxima- 
tions, Fig. 3 is principally designed to illustrate the 
similarity of the potential data obtained to analogous 
measurements On more conventional negatively-charged 
membranes. 

In spite of the quantitative limitations of the Meyer- 
Sievers-Teorell theory, it will be seen that qualitatively 
the results obtained for both artificial and natural dirty 
sands are fully in accord with theoretical expectations. 
In all cases, as the activities of the NaCl solutions used 
increase, the potentials decrease. Only in very dilute 
solutions do the recorded potentials approach the 
limiting Nernst potential, 59.5 log a,/a, millivolts, for 
a perfect negatively-charged membrane. In very con- 
centrated solutions the potential approaches a lower 
potential limit, the liquid junction potential between the 
two NaCl solutions. 





8 NERNST POTENTIAL OF PERFECT MEMBRANE~ 
+> - + 


— ++ + fF be 





| 








PURE IR-120 
SPHERES 


THEORETICAL CURVES 
7 FOR A=1.0 














TTGLASS 20% 7 
||1R-120 80%! 





MILLIVOLTS 














GLASS 60% 
IR-120 40% 


| STEVENS 


— 




















1 | 
A 











1 il 
IQUID JUNCTION POTENTIAL 


LI 




















Fic. 3 — MEyYER-SIEVERS-TEORELL PLOT Of 


4 FUNCTION OF a’ 


JOURNAL OF PETROLEUM TECHNOLOGY 


48 * ® 


POTENTIALS ACROSS NATURAI 
a.. SPECIMENS SEPARATING NACL SOLUTIONS OF 


10 
+ move~! 
92 


Dirty SAND CORES AS 
= 2.0 IN ALL CASES. 


AND ARTIFICIAI 
MEAN AcTIVITY RATIO a'/a 
Trans. AIME 


FEBRUARY, 1954 





It is of interest that in the case of the artificial dirty 
sands the recorded potentials increase to a maximum 
with decreasing NaCl activities and then, at very low 
activities of the solutions separated, tend to decrease 
once again. This phenomenon has been observed pre- 
viously but is not yet fully understood. The phe- 
nomenon is of no consequence in the present investiga- 
tion since the activities at which it occurs are at least 
an order of magnitude smaller than those likely to be 
of practical significance in well logging operations. 

According to the Meyer-Sievers-Teorell theory, the 
charge A can be determined by matching an experi- 
mental curve with a theoretical curve and finding the 
amount by which the experimental curve has to be 
transposed on Fig. 3 in order to be superimposed on a 
theoretical curve. Transposition to the right implies that 
A is less than unity, to left that A greater than 
unity. It is apparent from Fig. 3. that all 
the experimental curves refer to sands for which the 
charge A is considerably less than unity. Of the three 
natural dirty sands, the Kernco is the most dirty in terms 
of charge A. Even the Kernco sand has a smaller 
charge than either the artificial sand made from pure 
IR-120 spheres or that composed of a mixture of 20 
per cent glass spheres and 80 per cent IR-120 spheres. 


IS 


in cases 


Fig. 4, which is plotted for convenience of presen- 
tation on a double logarithmic scale, shows the con- 


IR- 120 SPHERES 


IR-120 80% 
GLASS 20% ? 


oO 
x 

| 

= 
oO 
! 

oO 
= 
= 
>~ 
Ee 
> 
7 
oO 
=] 
(2) 
2 
oO 
oO 
2 
WwW 
: = 
ie) 
WwW 
a 
” 


IR-12040% 


ductivity of the specimens as a function of the con- 
ductivity of the NaCl solutions used to saturate them. 
It will be seen that when the conductivities of the 
saturating solutions are large the plots in all cases 
tend to a slope of 45°, and that when the conductivities 
of the saturating solutions are small the curves bend 
away from the 45° line. A slope of 45°, which is 
exemplified by the data for the packing of glass spheres, 
indicates that a constant formation factor is being 
measured. The criterion for a constant formation factor 
is a constant ratio between the conductivities of speci- 
men and solution which, on symmetrical double logarith- 
mic paper, involves a slope of 45°. 

Fig. 5 shows a linear plot of the conductivity data 
obtained for the artificial dirty sands. 

From Fig. 5 it is apparent, as noted elsewhere,’ that 
for saturating solutions having conductivities extending 
over a considerable range, a straight line can reasonably 
be drawn through the points representing the conductivi- 
ties of the saturated specimens. Only as the conductivi- 
ties of the saturating solutions tend to zero do lines 
through the plotted points diverge markedly from 
linearity. Divergence from linearity occurs at con- 
ductivities of the saturating solutions which are relatively 
large in the case of the specimen composed wholly 
of Amberlite IR-120 spheres, and at progressively lower 
conductivities as the quantity of IR-120 spheres in the 
artificial dirty sands decreases. For the specimen com- 
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posed of glass spheres only, as would be expected, a 
straight line is obtained which is independent of the 
conductivity of the saturating solution. 

If the straight lines drawn through the point cor- 
responding to saturating solutions with large conductivi- 


ties are extended to cut the ordinate at K, 0, Fig. 5 
shows that conductivities of the specimens so obtained 
decrease as the amount of Amberlite IR-120 in the 
artificial dirty sands decreases. The conductivities of the 
specimens saturated with a solution of zero conductivity 
are shown in Table 1. 
Since formation factor, F, is given by 

F Conductivity of saturating solution 
Conductivity of saturated specimen 
it follows that the slope of the straight line through 
the points obtained for the packing of glass spheres 
l 
1S e 

F 

If the specimen conductivities at K, =O are ignored 
and the slopes of the straight line portions of the other 
curves are used to compute formation factors, the values 
listed in Table | are obtained. 

In Fig. 7 the S.P. computed from Equation (9) is 
plotted on a linear scale against the conductivities of 
the specimens, K,, on a logarithmic scale. The method 
used to calculate the S.P. data from the potentials 
measured experimentally is shown in detail in Table 2. 
In Table 2, column 5 gives the potentials actually meas- 
ured between pairs of solutions whose mean activities 
are listed in column 1. Column 6 gives the cumulative 
potential measured against a solution of mean activity 


* JOURNAL OF PETROLEUM TECHNOLOGY 


FEBRUARY, 1954 


SATURATING SOLUTIONS. 


equal to 0.00625 m. The cumulative potential against 
any other solution is easily obtainable in an analogous 
manner 


DISCUSSION 


THE TRUE FORMATION FACTOR OF DirRtTY SANDS 


For the relationship between the conductivity of a 
dirty sand, K,, the conductivity of the fluid used to 
saturate it, K,, and the “true formation factor,” F, 
Patnode and Wyllie’ suggested the following approxi- 
mate expression, 

‘ K, 

K —— + K, 

F 

In Equation (10), K, is the conductivity of the con- 
ductive solids as distributed in the core. It was assumed 
that K, was substantially constant and independent of 
the magnitude of K,,. The true formation factor, F, was 
defined as the formation factor that the sand would 
have if none of the solid materials in it were conductive. 
Essentially, F, on the basis of this definition, was in- 
tended to be the formation factor of the gross voids in 
a dirty sand, i.e., voids between grains of silica and 
other matrix minerals and shale or clay particles or 
aggregates. 

It has subsequently been claimed** that K; is appar- 
ently dependent on K,, particularly at small values of 
| 

Consider first the conductivity data for the artificial 
specimens of dirty sand. It may be concluded, since 
in all cases the spheres of glass and IR-120 were packed 


(10) 
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to a porosity of approximately 40 per cent, that the 
geometry of the gross voids of all these specimens was 
essentially the same. The specimen comprised of glass 
spheres represents one which contains no solid com- 
ponents capable of giving rise to electrolytic con- 
ductivity. The formation factor of this specimen is 3.64 
and K, is zero (Table 1). 

The other extreme is represented by the aggregate of 
IR-120 spheres. The solid components of this specimen 
are all electrolytically conductive. If Equation (10) is 
correct, a plot of K, against K, on linear coordinates 
should yield, for this specimen, a straight line with 
axis equal 


slope and finite intercept on the K 


3.64 
to K,. Fig. 5 shows that these expectations are not 
realized. The plot of specimen conductivity against 
saturating solution conductivity is not a straight line. 
When the conductivity of the saturation solution exceeds 
about 0.03 mho-cm, '* a straight line through the plotted 
points appears justifiable. Of interest is the fact that 
the reciprocal of the slope of the straight line portion 
of the curve is only 3.15, considerably less than the 
3.64 applicable to the voids between the IR-120 spheres 
Fable | reveals also that the value of K, obtained on 
extrapolation is greatest for the specimen composed 
wholly of IR-120 spheres and decreases as the quantity 
of IR-120 spheres in the specimens decreases and the 
quantity of glass spheres increases. Considering the 
nature of the quantity K,, these observations are in 
qualitative accord with Equation (10). The limiting 
formation factors, listed in Table 1, of the specimens 
composed of mixtures of IR-120 and glass spheres, 
exceed the formation factor of 3.15 applicable to the 
specimen composed of IR-120 spheres only. In one 
case the formation factor is 3.53 while in the other 
it is 3.70. Thus, one formation factor is less than the 
3.64 applicable to a specimen composed of glass spheres 
while the other is greater. As will be shown below, the 
value of 3.70 is probably anomalous and indicative of 
the fact that the specimen was, in error, packea to a 
porosity which was less then 40 per cent ’ 


Equation (10) is based on the assumption that the 
overall conductivity of a porous medium containing 
conductive solids such as Amberlite IR-120 is the sum 
of two components; the conductivity through the con- 
ductive solids and the conductivity through the solution 


filling the voids between the solids. The experimental 
data shown in Fig. 5 suggest that this assumption over- 
simplifies the true picture. It would appear that not 
only are there two conductivities in parallel as is 
assumed by Equation (10), but that, in addition, there 
is a component of conductivity in series with the two 
parallel conductivities. The series component may be 
of significant magnitude. 

nature of the 


IR-120. 


It is desirable now to consider the 
electrolytic conductivity shown by Amberlite 
This conductivity is itself a dichotomy. Spheres ot 
IR-120 are electrolytically conductive, even in the 
presence of water free from ionized solute, because of 
their exchangeable ions. The exchangeable ions (cations) 
are capable of carrying current. The conduction result- 
ing from exchangeable ions may be considered, to a 
first approximation, as being independent of the ionic 
concentration of solutions in contact with the IR-120 
spheres. 


i.e., resistivities less than 0.33 ohm-meters 
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The IR-120 spheres themselves may best be visual- 
ized as porous sponges with sulphonic acid groups firmly 
bound at varying intervals along the surfaces of the 
pores. The sulphonic acid groups are electrically bal- 
anced by mobile (exchange) cations. When spheres of 
IR-120 are immersed in water free of solute, their 
pores contain only water and mobile cations. If the 
spheres are immersed in a solution containing anions 
and cations, some anions and cations from the solution 
will migrate into the water within the pores of the 
spheres. The concentration within the spheres of the 
immigrant ions will be controlled by a Donnan dis- 
tribution. 

At equilibrium the activity of the solute which has 
migrated into the pores of the IR-120 spheres must be 
equal to the activity of the solute in the solution in 
which the spheres are immersed. For a sodium chloride 
solution and for the IR-120 spheres in the sodium form, 
it follows that, 


X Aeicoutsiae AN ac inside X Aeicinsias 


Ax» trie 
where dx,, Ge, represent activities of sodium and chloride 
ions. But the activity of sodium ions inside a sphere is 
much greater, than that of chloride ions because of the 
high concentration of exchangeable sodium ions as- 
sociated with the sulphonic acid groups. For IR-120 
spheres the concentration of exchangeable sodium ions, 
in terms of the pore water, is about 7.0 molal; greater, 
in fact, than in a saturated solution of NaCl. Thus 
Axatiosiaey IS Very large and dei; insta Atsinscsiany % 
accordingly small unless the prod- 
uct ds sidey X Acicoutsidey IS COMparable to Axaciosia 

Since, for reasons of electrical neutrality, each 
chloride ion diffusing into an IR-120 sphere is ac- 
companied by a sodium ion, it follows that the con- 
centration of NaCl within a sphere is much smaller 
than the concentration outside. It follows, also, that the 
concentration of NaCl inside a sphere increases both 
absolutely and as a fraction of that in the external 
solution as the external solution concentration increases. 
Since the NaCl diffusing into a sphere supplements the 
conduction resulting from the exchangeable sodium ions 
already present, it follows also, that the specific con- 
ductivity of IR-120 is a function of the conductance 
of the NaCl solution in which the exchange resin 
spheres are immersed. 

In summary then, the specific conductance of Amber- 
lite IR-120 is the consequence of conduction by ex- 
changeable sodium ions and conduction by sodium and 
chloride ions which have migrated into the pores of the 
resin spheres. The conduction by the exchangeable 
sodium ions may be regarded as being sensibly inde- 
pendent of the external NaCl concentration while the 
conduction of the immigrant sodium and chloride ions 
is a function of the external NaCl concentration. At low 
concentrations of the external NaCl solution the con- 
ductivity of IR-120 is almost entirely the result of con- 
duction by exchangeable ions. 

At medium and high NaCl concentrations the conduc- 
tion by immigrant sodium and chloride ions becomes 
appreciable but is still small by comparison with the 
conduction of the exchangeable sodium ions. At an 
infinitely large external NaCl concentration, were such 
1 concentration physically attainable, the immigrant 
NaCl content would be identical with the external NaCl 
content. Under such conditions the conductivity of 
IR-120 would be due entirely to the immigrant NaCl, 
the contribution of the exchangeable sodium ions being 
negligible by comparison. 
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(b) 


CONDUCTING SOLID NETWORK 
COMPOSED OF SPHERES IN Goop ELECTRICAL CONTACT 
(SHADED) AND IN PooR OR NON-EXISTENT CONTACT 
(UNSHADED). (B) SIMPLIFIED PICTURE OF THREE PAR- 
ALLEL CONDUCTANCES USED FOR THE MATHEMATICAI 
DERIVATION PRESENTED IN TEXT. 


Fic. 6 (A) MODEL Of 


Consider the arrangement of spheres shown in Fig. 
6. The simplified packing reveals that there are spheres 
of two types. Shaded spheres are those that make con- 
tact with other spheres, and unshaded spheres are those 
which do not make such contacts. If the voids between 
the spheres are filled with a non-conducting fluid, it is 
immediately apparent that the overall conductivity of 
the packing will result from conduction through shaded 
spheres only. The unshaded spheres will be electrically 
isolated and unavailable for conduction. 

On the other hand, if the voids are filled with a 
highly conducting fluid, all spheres will contribute to the 
overall conduction. In this case, conduction through 
urishaded as well as shaded spheres occurs,‘current now 
being able to pass in and out of the unshaded soheres 
via the conducting interstitial fluid. 

If fluids of intermediate conductivity fill the voids, the 
unshaded spheres will contribute to the overall con- 
ductivity of the packing but their contribution will be 
small since the high resistance of the fluid linking 
them electrically will be of predominant importance. The 
spheres are essentially in series with the interstitial 
fluid, while their shaded counterparts are in parallel. 
The relative abundance of each type of sphere in any 
packing will clearly depend on such factors as the 
porosity of the packing and the size distribution of the 
spheres. In all cases, however, it seems probable that 
both types will exist. If this is so, it should be possible 
to represent the overall conductivity of a packing of 
IR-120 spheres by a model consisting of three compo- 
nents of conductivity in parallel. 

These are: 

1. A component consisting of solution and IR-120 
spheres arranged in series. This component rep- 
resents the passage of current through the un- 
shaded spheres and the solution between them. 
A component consisting of those IR-120 spheres 
which touch to form through-conducting paths 
(i.e., Shaded spheres). 

A component consisting of 
through the fluid-filled voids. 

The three components of the model are shown 
diagrammatically on Fig. 6. Whether this simple model 


the conduction 
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is an adequate representation of the physical facts can 
only be determined by comparing conclusions based on 
the model with the experimental data plotted on Fig. 5. 
For this purpose it is necessary to evaluate the relative 
contributions of the three components of conduction 
listed above when a packing of IR-120 spheres is 
saturated with solutions of varying conductivity. 


If K, is the overall specimen conductivity, 
K, = K, + K, +K 


where K, is the conductivity of solution and IR-120 
spheres in series, K. is the conductivity of IR-120 spheres 
in contact with one another throughout the packing 
and K, is the conductivity of the interstitial fluid net- 
work. Let K,, be the intrinsic specific conductance 
IR-120 when in equilibrium with a particular solution 
and K,. the conductivity of the interstitial solution, 
i.e., solution with which the IR-120 is at equilibrium. 
Then, 


rK, + yK, 
where x and y are dimensionless parameters descriptive 
of the arrangement of IR-120 spheres and interstitial 
water which are effectively in series. 
: K 
K 
where is a dimensionless parameter descriptive of 
the packing of the IR-120 spheres which are in contact 
with one another. 
RK. 
I 
where F is the formation factor of all the spheres as 
packed, i.e., 3.64 for a porosity of 40 per cent. Hence, 
; Ky, K, K, Kx 
K : —— t  « eR) 
rK, + yK, F z 


K 


When K, = C, 
; K 
K i « & » « «& & ee 
Thus, the value of K, when K, equals 0 gives K;,, 
and is a measure both of the continuity of the IR-120 
solid network and the specific conductance of the IR-120 
when free from all immigrant (Donnan) solute. 


If K, >>Kz, ie., for solutions of high conductivity, 


K, | Ky . Ky 
) z F 


K ~ 


. | | | @ 

= Ky, } > — (13) 
( \ z ) F 

Thus, for values of K, large by comparison with K,,, 
the plot of K, against K, should be a straight line with 
slope 1/F and with an extrapolated intercept at K, =0 
of Ky (1/y + 1/z) if Kp is independent of K,. This 
is probably the case when highly crosslinked resinous 
materials are used which show little Donnan diffusion. 
For resins of moderate crosslinking, Ky, is itself a 
function of K, since, as described above, salt enters 
the pores of the IR-120 spheres and thereby increases 
their conductivity. The recent data of Pepper, Reichen- 
berg and Hale” on the migration of solute from an 
external solution into ion-exchange resins of the same 
type as IR-120 shows that the ratio (salt concentration 
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inside, salt concentration outside) is almost proportional 

to the external salt concentration over a wide range of 

external salt concentrations. Thus, as a close approxi- 
mation, 

Ky = Ky, 

where Ky, 


pK. 
specific conductance of the resin due to 
exchangeable sodium ions, 
conductivity of NaCl 
; inside a sphere 
p = constant fraction - 
ae 
and 

= formation factor of the porous resin mat- 
rix of IR-120. Thus, Equation (12) 
may be rewritten, 


(14) 


hy 7? O 
and Equation (13) becomes 


; s I | 
K, = Kx, ( + ) 
y z 


‘ Py _ ee 
2X. ( y re. rs 


thus, a plot of K, against K, for kK, K,, will ap- 
proximate a straight line of slope | F if p is small. It 
this line is extrapolated at the same slope to intercept 
the K,, axis it follows that for K, =0, 


, : l I 
K,= Ku (—, ) 
y z 


Qualitatively, the simple model is a reasonable fit 
with the experimental data shown in Fig. 5. Specifically 
it shows: 

(a) That for large values of K,, the plot of K, versus 
K,, is approximately a straight line with a slope which is 
somewhat greater than 1/F since the quantity 
eK, (1/y + 1/z) is not entirely negligible. 

(b) That the approximate straight line relationship 
between K,, and K, at large values of K,,, when extended 
by extrapolation to K,. = 0, gives a fictitious value of 
K, = Ky,(1/y + 1/z). This conductivity is the con- 
tribution of the resin to the total conductivity of the 
plug when the solution concentration is high and when 
no immigrant NaCl enters the IR-120 spheres. 

(c) That the real conductivity K, for K, = 0 is 
Kx, /z. This conductivity is a measure both of the con- 
duction resulting only from the exchangeable cations 
and of the electrical continuity of the spheres in the 
packing. By differentiating Equation (11), it is found 
that 


(15) 


(16) 


dK, | XK, 
dK,  (vK,y + xKy) 
As K, ~ 0, Equation (17) reduces to 
dK, l l 
= i p—— . . . (18) 
dK, Xx f 
Hence, by measuring the slope of the plot of K, versus 
K,, as K,, ~ 0, it is possible, by utilizing Equation (18), 
to determine x if F is assumed to be 3.64 as shown in 
the experiments with the glass spheres. From the con- 
ductance of the plug in pure water, Ky, z (Equation 14) 
is found, and by extrapolating as a straight line the rela- 
tionship between K, and K, existing at large values of 
K,. to K, = 0 a value of K,, is obtained which, from 
Equation (15), is approximately equal to 
Kx,(1/y + 1/z). Thus, all the parameters necessary to 
solve Equation (11) for K, in terms of K, may be 
found. 


(17) 
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Ihe data for the packing of /R - 120 spheres when so 
treated yield x» = 0.2, Ky,/y = 0.01475 mho-cm, 
Ky, /z = 0.00025 mho-cm.” Utlizing these data, a rela- 
tionship between K, and K, may be calculated. This 
relationship is plotted as the dotted line A on Fig. S 
The match between the calculated dotted line and the 
measured solid line is excellent over a range of K, 
extending from zero to about 0.015 mho-cm.' For 
K..>0.015 mho-cm,' the dotted line falls below the 
solid line. 

The data of Pepper, Reichenberg and Hale” show that 
up to about 0.1 N external salt concentration the uptake 
of salt by a sulphonated polystyrene ion-exchange resin 
with 8 per cent D.V.B. crosslinking is negligibly small. 
Thus for external conductivities less than a conductivity 
corresponding to 0.1 N NaCl solution the agreement 
between the dotted and solid lines would be expected to 
be good if the simple model considered above is reason- 
ably accurate. For conductivities corresponding to solu- 
tions more concentrated than 0.1 N, the calculated con- 
ductivities of the packings of IR-120 spheres would be 
expected to fall below those measured since the calcu- 
lated conductivities are based on a constant resin con- 
ductivity Kx,. The conductivity Kx, assumes that no 
NaCl diffuses into the pores of the IR-120 spheres. 
Since the conductivity of a 0.1 N NaCl solution is about 
0.01 mho-cm, * it will be seen that the calculated and 
measured conductivities diverge at a value of K, which 
is in reasonable accord with theoretical expectations. 

It follows that the difference between the calculated 
and measured values of K, for values of K,, greater than 
about 0.01 mho-cm" represents the increasing contribu- 
tion made by immigrant NaCl to the specific conduc- 
tance of the IR-120 resin. 

It is possible to compute approximately the contribu- 
tion of the immigrant NaCl. For this purpose, the data 
of Pepper et al” were utilized to estimate the NaCl con- 
centration in the IR-120 spheres snd those of Bauman 
and Eichhorn” for Dowex 50 to estimate the matrix 
formation factor of a sphere. The data of Pepper et al 
show that the ratio (conductivity of NaCl inside a 
sphere, K,*) is about 0.05, while the data of Bauman 
and Eichhorn show that the diffusion constants inside 
and outside Dowex 50 spheres differ by a factor of five. 
Hence, the internal formation factor of a sphere is about 
five. Accordingly, the value of p is 0.05, 5 = 0.01. When 
the contribution to the specific conductivity made by 
immigrant NaCl is assessed, the dotted line marked B 
on Fig. 5 is obtained. The agreement between the calcu- 
lated K, versus K, relationship and the measured rela- 
tionship is now extremely good over the entire range of 
K,. This agreement may be interpreted as lending sup- 
port to the basic concepts embodied in the simple model 
shown in Fig. 6. 

The replacement of IR - 120 spheres in a packing by 
glass spheres would be expected to reduce, on the basis 
of the above discussion, the contribution of the conduc- 
tivities designated K, and K, above to the conductivity 
K,,. This expectation is confirmed by the data of Table 1. 

The addition of glass spheres to the packings will alter 


TABLE 1 Limiting Formation Factors 
and Extrapolated Specimen 
Conductivities from Fig. 5 

Limiting Specimen 


Formation Conductivity at 
Factor K 0 mho-cm ! 


0 
00 
00 
15 


Specimen 


3.64 
60% Glass 40% IR-120 Spheres 3.53 
20% Glass 80% IR-120 Spheres 3.70 
100% IR-120 Spheres 3.15 


25 
5 
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the geometry of the IR - 120 spheres and thus alter the 
parameters y and z, descriptive of the IR - 120 geometry. 
That the addition of glass spheres will serve to increase 
both y and z may best be appreciated by noting the 


resemblance of the parameters y and z to conventional 
formation factors. A decrease in the quantity of IR - 120 
spheres in the packings is then equivalent to a decrease 


in porosity and thus an increase in formation factor. 
Accordingly, y and z would be expected to increase as 
the quantity of IR - 120 in the packings decreases. 

From this it follows from Equation (15) that the 
slope of the straight line portions of the A, versus K, 
plots would tend to | F with decreasing IR - 120 con- 
tent, while the extrapolated intercepts on the K,, axis 
would tend to zero. Table | confirms these conclusions. 
The fact that in the one example the limiting formation 
factor, i.e., the reciprocal of the slope of the straight line 
portion of the K,, versus K, plot, is 3.70 is almost cer- 
tainly the result of the porosity of the mixed bed of 
IR - 120 and glass spheres being less than 40 per cent. 

From the practical standpoint, Equation (15) 1s 
important. The equation reveals clearly the impossibility 
of deriving from simple measurements of K,, as a func- 
tion of K, the true formation factor F. However, for 
moderately large conductivities, K,, the experimental 
data appear to give a straight line if K,, is plotted against 
K,,. The slope of this approximate straight line has been 
termed the limiting formation factor in Table |. If this 
limiting formation factor be designated F’, it follows 
trom Equation (13) that 


l ; l l l 
— St oh r 4 
F ( y z ) F 


Only if there is no Donnan diffusion of NaCl into the 
spheres of IR-120 (p = 0) will 1/F’ = 1/F. In gen- 
eral F’ will be less than F. 


(19) 


The true formation factor, F, is clearly the formation 
factor which is of practical importance, particularly in 
relation to the problem of obtaining porosity information 
from electric log measurements. The formation factor, 
F’, is related to the total fluid content in the specimens 
examined since some contribution to the overall con- 
ductivity is being made by NaCl in the fluid-filled vores 
within the IR-120 spheres. Pores within IR 4120 
spheres are of no practical importance since they would 
not be available for the storage of hydrocarbons. Only 
the space in the gross voids is important in this regard. 

A method of obtaining true formation factor simply 
and directly is not indicated by the experiments carried 
out. It seems probable, however, that for most dirty 
sands sufficiently permeable to be of practical import- 
ance, the quantity pK, (1 y + 1/z) will be sufficiently 
small to justify the use of F’ in place of F. This approxi- 
mation seems justified when the uncertainties involved 
in relating the formation factors of even clean sands to 
porosity are recollected. The relationship between F, 
(Equation 2) and porosity, for all values of K,, is 
clearly very complex. Even if K, is very large, F, may 
still be inaccurate as the line C on Fig. 5 reveals. 
From Fig. 5 F,, for Ky, 0.2 mho-cm, ' is only 2.58. 
Thus the popular “practical” method of measuring the 
formation factor of dirty sands by utilizing as saturating 
fluid a high conductivity salt solution is inherently unre- 
liable. 

The above conclusions are predicated on the assump- 
tion that the electrical effects of clays and shales in 
natural rocks are analogous to the electrical effects given 
by Amberlite IR - 120 spheres. Clearly, this assumption 
must be justified. 
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Three types of electrochemically-active materials in 
reservoir rocks can be distinguished theoretically: 
1. Aggregates of clay and other fine-grained materials 
or small streaks of shale. 
2. Swelling-type clays of the montmorillonite type 


2 


3. Non-swelling clays of the illite type 


(1) For this analysis the clay component of the clay- 
containing aggregates and shale streaks may be either a 
swelling or non-swelling type clay. The clay-containing 
particles are not composed only of clay. They may be 
visualized as consisting of a mixture of clay, silt and 
organic matter. The particles are saturated with water 
and this water may be regarded as analogous to the pore 
water of IR - 120 spheres. The clay-containing particles 
are similar to particles of a shale. A shale may be 
regarded as having a formation factor as Winsauer and 
McCardell’ have demonstrated. Indeed, the data of these 
workers show that the conductivity of the shale varies 
with changes in the conductivity of the solution in which 
the shale is immersed. These data are precisely ana- 
logous to those applicable to IR - 120 spheres. A mea- 
surement of F’ for a natural dirty sand would thus reflect 
not only the water content of the gross voids between 
all the constituents of the sand but would be 
affected also by the water content of the shale streaks 
or clay-containing aggregates. 


solid 


(2) If swelling-type clays exist in a formation in pure 
unaggregated flakes, these would contain water and ions 
between lattice layers. For this type of dirty formation 
also, F’ would be influenced by the water held by the 
clays. 

(3) If a formation contains pure unaggregated non- 
swelling clay particles, no water can be considered to 
exist within the clay lattice itself. Water which can be 
removed from the clay structure by high temperature 
treatment need not be considered. Non-swelling clays 
of the type envisaged nevertheless have :ion-exchange 
properties and show ionicedouble layer conductivity as 
discussed by Winsauer and McCardell’. Formations con- 
taining such clays wold show all the electrical effects 
of formations containing shale streaks or swelling clays. 
The non-swelling clays differ only by virtue of the fact 
that they have no internal water cohtent. For such 
formations, p = 0. Thus, from Equation (19) 

(20) 
F’ F ‘ 

Since most clay is believed to exist in natural dirty 
formations either as shale streaks or clay aggregates, it 
is suggested that the case discussed in (1) above is most 
applicable in practice. 

Details of the actual mechanism of conduction in 
dirty sands are, however, of little practical importance 


THE RELATIONSHIP BETWEEN DirTY SAND RESISTIVITY 


AND S.P. 


From Fig. 7 it may be seen that a plot on semi-loga- 
rithmic coordinates of the conductivity of dirty sand 
specimens against S.P. gives rise to lines which, in many 
cases, are approximately straight. The slopes of the lines 


are closely similar to the slope of the straight line 


*Gross laminations of sand and shale are specifically excluded 

**Note that the analysis made suggests a method of distinguishing 
various types of clay conductivity in rocks. If K; is large and Kz small, 
the clay is disseminated. If K2 is large and K; small, the clay probably 
exists as thin interbedded laminations 
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ARTIFICIAL SPECIMENS 
PURE IR-120 SPHERES 
IR-120+ GLASS SPHERES (80/20) 
1R-120 +GLASS SPHERES ( 40/60) 
GLASS SPHERES 


NATURAL SPE 
STEVENS SANO 
KERNCO SAND 

+ YEGUA SAND 


IMENS 








-70 -80 


90 -100 10 


-120 -130 -140 -150 


S.P IN MILLIVOLTS 


Fic. 7 MEASURED CONDUCTIVITIES OF 


characteristic of a clean sand. In general, it appears from 
Figs. 3 and 7 that the straightness of the lines for dirty 
sand specimens and their similarity to the line for a clean 
sand increase as the content of electrochemically-active 
material in the dirty sands decreases. 

In particular, specimens which contain a very high 
content of electrochemically-active material, such as the 
specimen composed only of IR - 120 spheres, give lines 
which approach linearity only after a certain limiting 
value of specimen conductivity is attained. The conduc- 
tivity of a specimen is a function of the conductivity of 
the solution used for its saturation. Hence, only for 
solution conductivities above a certain limiting value 
is an approximately linear relationship obtained in Fig. 
7. For the specimen composed of IR-120 spheres 
approximate linearity commences at point A on Fig. 7. 
This point corresponds to a conductivity cf saturating 
solution of 0.00659 mho-cm.' Point B on Fig. 7 corre- 
sponds to 0.00166 mho-cm.' In general, the limiting 
conductivity at which approximate linearity commences 
appears to decrease as the quantity of electrochemically- 
active material in a specimen decreases. 

In Fig. 8 the ratio R,,/R, is plotted against S.P. The 
ratio R,,/R, is derived from Fig. 7. Here, R,.. = 1/K, 
where K,, is the limiting conductivity at which the lines 
of Fig. 7 become approximately linear and R. = 1/K.,, 
where K,, is specimen conductivity. Column 10 of Table 
2 illustrates the method of computation. 

Fig. 8 shows that all the data points plotted fall within 
the limits K = 56 and K = 80 in the equation, 

S.P. = K log (21) 

If the data for the natural sands only are considered, 
the limits of K are 65 and 80. For a perfectly clean sand 
at the temperature at which the experiments were carried 
out, K is approximately 71. The data of Fig. 8 suggest 
that, as the quantity of electrochemically-active material 
in dirty sands decreases, the possible variation in K in 
Equation (21) decreases. 


The approximate validity of Equation (21) undoubt- 
edly stems from complex considerations. Nevertheless, a 
simple qualitative explanation may be based on the fact 
that the presence of ion-exchange materials in a porous 
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Dirty SAND SPECIMENS AND CALCULATED S.P. Data. 


body effectively increases the average ionic content of 
the solution in the pores of that body. The increase is 
principally the result of cations on exchange sites of the 
ion-exchange material. 


From Equation (15) if, as an approximation, the 
is considered small by comparison with 
1 in all cases). 


| [e(| 


quantity pK,’ 


K,, and K, (note that 0 < p < 


10006 = 
© IR-120 SPHERES 
@ IR-1204GLASS SPHERES (80/20) | 
x IR-~120# GLASS SPHERES (40/60) | 
O GLASS SPHERES 
®@ STEVENS SAND 
& KERNCO SAND 
+ YEGUA SAND 





° 10 20 3% 40 SO 60 70 80 90 100 110 120 13% 40 186 1606 176 186 195 200 
SP MiLLIVOLTS 


Fic. 8 Ratio R,/R, FOR NATURAI 
Dirty SANDS AS A FUNCTION OF S.P. 


AND ARTIFICIAI 
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TABLI METHOD OF COMPUTING 


5 


aa 


SP. 
(Stevens Sand Specimen) 


6 


DaTA FROM MEASURED POTENTIALS 


7 8 9 
Solution 
Conductivity 

K 


Specimen 
Conductivity 
“ 


S.P 


m.v 


mho-cm 


x10°* at 25°C 


mho-cm _ : 
x10-* at 25°C 





26.4 0 


26.8 17.9 


79 

29.7 36.2 
6.4 

30.6 54.4 
3.1 

25.5 71.4 
0.3 

23.6 89.1 
0.3 

106.8 


64 24.6 


0.6 
124.8 


128 25.2 


0.8 
143.1 


256 26.4 


0.9 
160.9 


512 25.2 


21.4 


20.8 


20.0 


19.1 


0 2.54 8.45 


13.9 16.0 
24.3 30.9 
36.1 
50.0 


67.4 


"Positive sign indicates that the solution of lesser activity is positive as measured 


But conductivities are approximately proportional to 
ionic activities. Therefore, 
n(activity of exchangeable Na ions) activity 
R of Na and Cl ions in solution K, 
n(activity of exchangeable Na ions) activity 
of Na and Cl ions in solution K,,,; 


‘eee 


fF 
This may be compared with the case where the porous 
body contains no ion-exchange material. Then, 
K R. F K, 
K R F Kae 


where n constant 


activity of Na and Cl ions in solution K,, 
activity of Na and Cl ions in solution K,,, 


For the case of a clean sand. 


E = K log (activity ratio) 


=~ K log 


and, by analogy, a similar relationship for dirty sands 
is not, therefore, unexpected. 


PRACTICAL APPLICAT:ONS 

The experimental evidence suggesis that Equation 
(21) may be a reasonable approximation if sands are 
moderately dirty and if the fluids they contain are not 
unduly resistive. The resistivity limitation appears to be 
of limited practical seriousness. The approximate linea- 
rity, shown in Fig. 7, which is the basis for Equation 
(21), commences, in the worst case, at a saturating solu- 
tion conductivity of 0.00659 mho-cm' or 1.52 ohm- 
meters. For other specimens and particularly the natural 
dirty sands tested, the permissible resistivity was found 
to be considerably greater. In logging practice, if muds 
of about 1.0 ohm-meter or less are used, the resistivity 
of the saturating solutions in a formation should not be 
the factor limiting the applicability of Equation (21). 

If the value of K in Equation (21) can be assumed, as 
an approximation, to be equal to the value (AT) in 
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Equation (3), log interpretation of dirty sands can 


theoretically be carried out in the following manner. 


WATER SANDS 


From the measured cut-back S.P. opposite the dirty 
sand (assuming no bed-thickness effects) and Equation 
(21), Reo/R,, is calculated 

Then, R,,,, the apparent resistivity of the water in the 
dirty sand is found in the usual manner by dividing 
Rt, the mud resistivity, by the ratio obtained from the 
Sf., 

R 


R Rar * 


(Ro/R,) Rxo 
The apparent formation fac.or, F,, is found from 
resistivity R.., read from a suitable log. 

R 

R 
he resistivity of the water sand, if clean, is the product 
of the interstitial and the formation 
factor. For a dirty sand this product is 

Rar ° R R 
R R 


b0.; Mes 


the 


water resistivity 


R 


FR, (22) 
Equation (22) shows that the product F,R,., is equal to 
the true resistivity, R,, of the dirty sand containing 
water. Equation (22) is, of course, only as accurate as 
the approximate nature of Equation (21) permits. 
Nevertheless, in many cases the available data suggest 
that Equations (21) and (22) may be used to assess 
whether or not a dirty sand is water bearing. 


OiL SANDS 


If a dirty sand contains oil, the relationship between 
resistivity and potential becomes more complex than for 
the case of sands saturated with water only. An approxi- 
mate solution may be obtained on the assumption that 
the Donnan uptake of salt is negligibly small, i.e., pK, 
is effectively zero. Then if R, is the true resistivity of a 
dirty sand containing oil, 


(23) 
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were / is the resistivity index of the oil sand and /’ the 
resistivity index of the zone invaded by mud filtrate and 
from which all oil has not been displaced. 

It seems desirable, however, to determine by actual 
experiment the validity of Equation (23). Such experi- 
ments are now being carried out. 

In all cases, however, it is apparent that if 
R, > F,R.,, the dirty sand probably contains hydro- 
carbons. Thus the qualitative interpretation of dirty 
sands may be carried out in a manner precisely anal- 
ogous to that used for a clean sand. It is well to bear in 
mind, however, that for very dirty sands, even though 
these are effectively oil saturated, the ratio R,/F,R, 
may be quite small. 

The quantities, apparent formation factor, F,, and 
apparent interstitial water resistivity, R,,, which may be 
computed for dirty sands are not in themselves physi- 
cally meaningful. It appears that the product F,R,, is 
of considerable utility in the semi-quantitative analysis 
of logs of dirty sands. 

It remains, of course, for the experimental evidence 
reported above to be tested against actual field data. 

Finally, it must be emphasized that it iy inherent in 
the procedures outlined that only information obtained 
from log records can be used. It is not permissible to 
utilize core analyses or measured water resistivities even 
in cases where such information is available. 


CONCLUSIONS 


It is concluded, 


1. That the true formation factor of a dirty sand (the 
formation factor applicable to the voids capable of con- 


taining oil) is not a quantity capable of simple measure- 
ment. 


2. That the formation factor of a dirty sand derived 
from a series of formation factor measurements made 
using saturating solutions of varying conductivities may 
be a good approximation to the true formation factor of 
the sand, but, theoretically, must always be somewhat 
less than the true formation factor. 

3. That as an approximation in moderately dirty sands 
and provided muds of resistivities of the order of 1 ohm- 
meter or less at formation temperature are utilized, the 
qualitative analysis of the electric logs of dirty sands may 
be carried out in precisely the same way as that utilized 
for logs of clean sands. In this procedure the apparent 
resistivity of the interstitial water in the dirty sand and 
the apparent formation factor of the dirty sand must 
both be obtained from log records. It is not permissible 
to utilize information based on analyses of produced 
water samples or cores (unless the core analyses can 
exactly reproduce the appropriate subsurface condi- 
tions). 
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new feature of the JOURNAL oO}! 
PETROLEUM TECHNOLOGY. Back- 
ground information about the au- 
thers, invariably outstanding men, 
is always of interest and of value in 
evaluation of the material presented. 
Forthwith we present our authors for 
February. 
M. R. J. Wyicie, head of Petro- 
physics Section of Gulf Research, 
is the author of 
some 25 papers. 
and of a book on 
the fundamentals 
of electric logging 
to be published 
this spring by 
Academic 
He was educated 
at the South Afri- 
—_, can College 
Schocl, University of Cave Town, 
and Magdalen College, Oxford. 
where as a Rhodes Scholar he re- 
ceived his PhD in electrochemistry 
in 1942. In 1946-47, after a service 
tour, he did post doctorate work in 
the Department of Chemistry, John 
Hopkins University. 


Press. 


PETER F. SouTHWiIck received 
degrees in geology from Dartmouth 
and Missour'! 
School of Mines. 
with a 
tour in between 
In 1952 he receiv- 
ed his PhD in 
geophysics from 
Massachusetts In- 
stitute of Techno- 
logy. Now in the 
Gulf Petrophysics 
Section, Pittsburgh, he has had 
experience as a computer, electric 
surveyor, and geologist with Atlantic, 
Nova Scotia Department of Mines, 
and Standard of California, respec- 
tively. 


service 


JAMES ALLEN KLOTZ received his 
chemical engineering education at 
the University of Miami, Northwest- 
ern, and Michigan (MS). From 1944 
to 1946 he worked for the U. S. 
Naval Research Lab — as a civilian, 
then on military duty. Since 1948 he 
has been employed by the Oil Field 
Research Division of the California 
Research Corp., La Habra. He is 
now a project leader on well com- 
pletion and drilling fluid research. 


CEDRIC KEITH FERGUSON was 
graduated from Stanford University 
and the University of California (MS 
in engineering). His earlier schooling 
had been in Texas, Colorado, and 
New Mexico, as he traveled with his 
father, a mining engineer and geolo- 
gist. After a service tour, he joined 
the Oil Field Research Division of 
California Research Corp., La 
Habra, in 1948. From 1950 until his 
recent death he was project leader of 
well completion and drilling research 
with this corporation. 
C. R. Criss is a senior engineer in 
the reservoir section of Sohio, Okla- 
homa City. He is 
a graduate of Col- 
orado School ot 
Mines, and prior 
to a tour in the 
service worked 
with Stanolind in 
Colorado and 
Wyoming In 
1946 he joined 
Sohio and has 
worked in Ohio, Indiana, and Okla- 
homa, as well as three years in Michi- 
gan Closely associated with Coldwater 
field. 
R. L. McCormick is head reservoir 
engineer for Sohio, Oklahoma City. 
He is a graduate 
of Pennsylvania 
State University 
with a BS in pe- 
troleum and _nat- 
ural gas engineer- 
ing. He has 
worked in geology 
and engineering 
with PlymouthOil 
Co., Sinton, Tex.. 
and for three years as a_ research 
assistant in the Secondary Recovery 
Research Program of Pennsylvania 
State. 





South Plains Local Section 
Wins 1953 Membership Race 
The South Plains Local Section, 
after leading all the way, won the 
1953. The 
showed a 


membership contest for 
section, formed in 1952, 
70 per cent increase to receive the 
first prize of a lantern slide projector. 

Last year’s winner, the West Cen- 
tral Texas Section, came from be- 
hind during December to take sec- 
ond place with a 61.3 per cent 


increase. 
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— Memorial - 
C. K. Ferguson 


C. K. Ferguson, research engineer 
for California Research Corp., died 
on Aug. I1, 1953, from polio. He 
was 31 years old. 

Ced was an outstanding example 
of fine American man od. Pos- 
sessed of a brilliant mind and excel- 
lent training, his future was bright 
with promise of things to come. He 
had shown unusual ability as a leader 
in his work, his community, and his 
professional societies. 

A member of the ASME, as well 
as the AIME, he was chairman ot 
the AIME Junior Petroleum Group 
in Southern California and secretary 
ot the Pacific Petroleum Chapter. 

Ced’s activities and interests were 
widespread. In addition to giving 
more than a full measure to his job 
as an engineer, he was concurrently 
the star member of his local Toast- 
masters Club, an active member and 
president of the choir, and president 
of the Young Republican Club of 
Orange County. He also was short- 
stop on the company softball team, 
played trombone in a small group of 
Dixieland enthusiasts, and was a 
worthy opponent in a game of ping 
pong, chess, or bridge. 

He quickly rose to the top as the 
natural leader in every organization 
with which he was associated. In 
many of these activities he was 
accompanied by his wife and small 
son, and in spite of his numerous 
interests, Ced enjoyed a full and 
happy home life. 

In all Ced’s dealings with other 
people he displayed the highest grade 
of integrity. His loss will be keenly 
felt by many. 

The preceding tribute was written 
by R. L. Parsons, administrative 
assistant to the manager of La Habra 
Laboratories of the California Re- 
search Corp. In this issue appears a 
paper of which Ferguson was a co- 
author. 





HOLT HEADS COMMITTEE 

Grover J. Holt, Cleveland Cliffs 
Iron Co., Hibbing, Minn., has been 
selected as the chairman of the 
Nominating Committee for Institute 
Officers in 1955. His alternate is 
Walter L. Penwick, Western Precipi- 
tation Corp., San Francisco, Calif. 
Other members of the committee 
were announced in the December 
issue Of the JOURNAL OF PETROLEUM 
TECHNOLOGY: 
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MORE PRODUCTION 


. .. Is only PART OF THE STORY 


—IN ADDITION, McCULLOUGH 
PERFORATING SERVICE OFFERS 
YOU OTHER ADVANTAGES THAT 
MEAN LOWER COST, MORE SUC- 
CESSFUL WELL COMPLETIONS. 


Here are a few of them: 
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GLASS JET Pericrstors 


“WORLD'S FASTEST, MOST EFFICIENT 
GUN PERFORATING SERVICE"’ 


Our 32-page, illustrated booklet, ‘How To Get More Oil”, 
gives the full story of how you benefit by using McCul- 
lough Perforating Service. If you have not received 
your copy, send for it TODAY! 





McCULLOUGH TOOL COMPANY 
5820 South Alameda Street, Los Angeles 58, California 
405 McCarty Street (P. O. Box 2575) © Houston, Texas 
CABLE ADDRESS: MACTOOL 
EXPORT OFFICE: Los Angeles, California 
CANADA: Edmonton, Calgary, Grande Prairie, Alberta; Regina, Sask. 
VENEZUELA: United Oilwell Service Co., S.A.; Caracas, Anaco, Maracaibo 








SAVES RIG TIME 


Simultaneous firing of Burrless Bullets or Glass 
Jets in single or multiple zone completions — plus 
record breaking efficiency of McCullough perforat- 
ing crews and equipment (7752 Burrless holes in 
73 hours) save operators thousands of hours of rig 
time every year. 

EXAMPLE: Shot 136 holes in 4” liner at 6752 feet 
in one electric wire line run, using McCullough 
Standard Casing Glass Jet Perforator in 34 foot 
Steel Strip Carrier. Time on the job one hour, 
twenty minutes. Production 528 barrels per day. 


DEEPER PENETRATION 


“First time” job completion saves rig time and 

money. Improved firing power of both the McCul- 
lough M-3 (Burrless Bullet) and Glass Jet Perfora- 
tors gain up to 25% deeper penetration than for- 
merly — even under severest well conditions. More 
than ever, they are the “hardest shooting perfora- 
tors in the world”. 
EXAMPLE: Excessively thick cement sheath be- 
hind 7” O.D., 23 lb. casing. Well previously perfo- 
rated by two different companies without results. 
Six shots at approximately 6690 feet with a McCul- 
lough Super Casing Glass Jet Perforator and Steel 
Strip Carrier resulted in 100 B/D —#in oniy two 
hours rig time. 


"PIN-POINT" ACCURACY 


Extremely accurate wire line measurements, 
double-checked by electronic instrumentation, puts 
the shots where they count. Greatest assurance of 
successful job completion can be realized by perfo- 
rating on the reliable information furnished by the 
McCullough Radiation Well Logger with Scintillo- 
meter. 

The extreme accuracy of this amazingly efficient 
instrument will reliably measure, define and inter- 
pret the nature of the zone or intervals to be per- 
forated regardless of thickness. The simultane- 
ous recording of a collar log is a further assurance 
of “pin-point” accuracy in perforating. For better 
results Log AND Perforate by McCullough. 
EXAMPLE: Except for a small trace of oil, this 
well appeared to be dry. However, the McCullough 
Radiation Well Logger with Scintillometer picked 
up a four foot stringer of porous limestone at 3013 
feet, confined above and below by shale beds. This 
four foot zone was perforated with 16 holes by a 
McCullough Standard Casing Glass Jet Perforator. 
Production 150 barrels of oil per day from what 
otherwise might have been a dry hole. Time on 
the job — only six hours to log and perforate. 








PERFORATING, RADIATION LOGGING, AND FISHING TOOL SERVICE — ANYWHERE — ANYTIME. 





SERVICE LOCATIONS: TEXAS: Houston, Snyder, Alice, Cisco, 
Corpus Christi, McAllen, Odessa, Tyler, San Angelo, Victoria, Wichita 
Falls, Luling, Beaumont, Sherman, Midkiff, El Campo. OKLAHOMA: Okla 
homa City, Guymon, Healdton, Hominy, Wewoka. ARKANSAS: Magnolia. 
MISSISSIPPI: Laurel. NEW MEXICO: Hobbs. KANSAS: Great Bend. WYOM- 
ING: Casper, Cody, Newcastle. CALIFORNIA: Los Angeles, Avenal, Bakers- 
field, Ventura. LOUISIANA: Houma, Lake Charles, New Iberia, Shreve- 
port. COLORADO: Sterling. NORTH DAKOTA: Williston. UTAH: Vernal. 





Permanent Well Completions 





Study Group Mushrooms 
Into 1400-Man Symposium 


A 50-man Gulf Coast Local Sec- 
tion Study Group mushroomed into 
a 1400-man symposium on Perma- 
nent Well Completions last month, 
and nobody was more surprised than 
the few who quietly started meeting 
in May, 1952. 

The growth of the study group 
into a meeting that attracted to the 
University of Houston representatives 
from every major oil company from 
as far as California and South Amer- 
ica is a tribute to the planners and 
an example of the unlimited pos- 
sibilities open to all local sections 
for such programs of nation-wide 
interest. 

There was little information clas- 
sified as “new” presented at this 
successful symposium, but the real 
value lay in the bringing together 
of several experts to present infor- 
mation concisely and to answer ques- 
tions concerning a comparatively re- 
cently-developed type of operation. 


Welcoming Talks 

Welcoming addresses were given 
by C. F. Mcllhenny, acting president 
of the University of Houston, M. L. 
Ray, dean of Engineering, University 
of Houston, and Kenneth B. Ford, 
Gulf Coast Local Section chairman. 
C. V. Kirkpatrick, chairman of Pe- 
troleum Engineering Depariment. 
University of Houston, talked on 
“Comparison of the Permanent We'll 
Completion System with Conven- 
tional Completion Methods.” Reid 
Hodgson, Schlumberger, spoke on 
“Tubing-Type Gun Perforator, Log- 
ging Service, and Associated Equip- 
ment” (see T. P. 3459, page 303, 
Trans. AIME (1952). 

“Wire Line Operations, Tubine 
Extension, and Associated Equip- 
ment” was presented by H. B 


T. O. ALLEN Wetcomes Crowp 


Schramm, vice president of Otis 
Engineering Corp. T. A. Huber, act- 
ing assistant chief petroleum engi- 
neer of Humble, related ‘Experience 
with the Permanent Well Completion 
System” TP. 3739, page 27, 
JOURNAL OF PETROLEUM TECHNOL- 
oGy, January, 1954. An “Objective 
View of the Permanent Well Com- 
pletion Technique” by Roscoe Clark, 
Continental, concluded the formal 
program. A question period followed 
the conclusion of all the talks, which 
were limited to 25 minutes per man. 


(see 


Allen, Key Man 


I. O. Allen, Humble, program 
chairman and master of ceremonies, 
was the key man in organizing the 
symposium. He had nursed along 
from its origin the study group which 
met at the University of Houston, 
and watched its size double during 
the course of seven meetings. The 
group had started in May, 1952, to 
study conventional well completion- 
ing, beginning with the most ele- 
mentary concepts. Allen attributes 
the initial success of the study group 
to a variety of programs, including 
panels and individual speakers, and 
to “directed which he 
describes as calling on various mem- 
bers of the audience to offer their 
opinions after the speaker for the 
evening has presented a dissertation 
on the selected subject. 

At the Petroleum 
Meeting in Dallas, in 
1953, the study group 
cided to terminate the 
with a study of 
well completioning. The 
symposium followed. 

Another feature of the symposium 
was the exhibits, which covered vir- 
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tually all types of tools now avail- 
able in the permanent well comple- 
tion field. Twelve companies had 
tools and equipment on display in 
the exhibit area. 


Publicity Campaign 

Undoubtedly instrumental in at- 
tracting the large crowd was the 
method of publicizing the meeting. 
The major oil companies were given 
a total of 7,000 illustrated, four-page 
programs which they distributed to 
key men in their field offices. The 
newspapers, national wire services 
and trade magazines were given ar- 
ticles for publication. Kirkpatrick, 
of the University of Houston, and 
Huber, of Humble, described the pro- 
gram on a Houston television station. 
The API called attention to it on 
their local meeting cards. As a re- 
sult of this comprehensive publiciz- 
ing at all levels, as many production 
foremen as engineers were present. 

Allen gives credit for the success 
ot the meeting to members of his 
committee: C. V. Kirkpatrick; Rob- 
ert E. Bush, Lane-Wells; John 
Walker, Shell; and H. B. Schramm, 
Otis, arrangements; Tom E. Morton, 
Halliburton, registration; Robert 
Rieke, Schlumberger, industry rela- 
tions; J. D. Clark, Union Oil of Cal- 
ifornia, press relations; Dan Good- 
rich, Oil Country Advertising, pro- 
gram production; and J. H. LeBus, 
Perforating Guns Atlas Corp., coffee 
bar. 

“This suggests to me that any Pe- 
troleum Branch Local Sections can 
do something like this without much 
difficulty,” states Allen. “Other local 
sections and study groups should ex- 
plore their area for comparable pro- 
gram ideas. This program strength- 
ened the morale and enthusiasm of 
the Gulf Coast Local Section and 
study group 100 per cent. It can do 
the same anywhere,” he concludes 
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Prevents Contamination of Cement 


Hundreds of master cementing jobs by the Rector Fulbore Method prove 


the efficiency of its two plug method and the importance of its other 
exclusive features which are the basis of successful and satisfactory 
cementing jobs everytime. Ask your Rector Representative or authorized 
supply store for the complete story about better cementing with the 


Rector Fulbore Method. 


PROTECTS AGAINST CONTAMINATION 


The cement is completely and effectively seg- 
regated from well fluids by two closely fit- 
ting plugs which are positively and simply 
released at the proper time by mechanical 
means from outside the cementing head. 


FULL CASING DISCHARGE 


Float assembly is pressure-ejected from the 
float shoe by the trip ball after casing string 
has been floated to position. This unrestricted 
opening reduces the load on the pumps. . . 
circulates greater volume with same pump 
pressure and results in higher velocity in 
space between casing and bottom of hole. 


CLOSED CIRCUIT 


Cementing head is never opened from the 
time cementing operations begin until they 
are completed. It is impossible for air pockets 
to form in either the mud or cement column. 


POSITIVE FLOW-BACK 


When the back pressure valve, which has 
traveled down with the top plug, latches in 
the stall collar, it positively prevents flow- 
back of cement. Operator may bleed the 
pressure back to zero and leave the well 
open or close it in at final running pressure. 
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John R. McMillan 


Chairman, Petroleum Branch, AIME 


1954 


T ve man who assumes the helm of the Petroleum 
Branch on February 15 has led an eventful life from 
his childhood, beginning in Vermont in 1909, to his 
present position as an executive of stature, petroleum 
engineer, organization worker, deep-sea fisherman, gin 
rummy player, and shotgun hunter. 

At the age of seven, John moved with his parents 
to Los Angeles, and after graduation from Polytechnical 
High School there, he seemed destined for a career 
in engineering. He attended the University of California 
at Los Angeles for two years, then transferred to the 
California Institute of Technology. He was graduated 
there in 1931 with a BS in mechanical engineering 


H E tegan his career in the oil industry with the 
Barnsdall Oil Co., where he worked for three years as 
a draftsman while attending college. After graduation 
he was elevated to the position of roustabout, and started 
learning the oil business from the derrick floor down. 
Good men are not to be contained, however, and he 
soon made assistant petroleum engineer. The following 
eight years was a Cook’s tour of California oil fields 
he moved eleven times in helping Barnsdall find and 
produce more oil. He served as division petroleum 
engineer in three of the company’s California divisions, 
and as division production foreman in two. In 1937 he 
moved to the land and geological department in Los 
Angeles, where he served until 1943, when he termi- 
nated his 14 years’ service with Bransdall 

In July, 1943, he joined Fullerton Oil Co. as petro- 
leum engineer and assistant manager of field operations. 
In due course he became manager of field operations, 
and in 1947 was made vice president and director in 
charge of production and exploration. He has con- 
tinued in that position since commuting to the Mid- 
Continent in the supervision of Fullerton’s wide-spread 
interests. A major engineering achievement for John was 
brought to a climax on Feb. 1, 1954, when the unitiza- 
tion of the Clearfork formation of the Fullerton field 
in West Texas was launched. The unit involves 600 
wells on 24,000 acres, and Fullerton Oil Co. is the 
operator. 


J oun married Miss Eleanor Deacon, an alumna of 
Occidental College and a native of Pasadena, in 1933. 
After their years of moving were over, they built a 
home in a pleasant residential area of Pasadena, where 
they still live, enjoying a gracious family life. They 


FEBRUARY, 1954 


have two daughters, Laurie Ann, age 13, and Linda 
Joan, age nine. Eleanor travels with John when the 
opportunity comes, and they both have a host of 
friends in many places. 

Professional activities and the AIME have always 
received a generous share of John’s time and attention. 
He was a member of the first council of the Pacific 
Petroleum Chapter of the AIME when it was founded 
in 1946. He became chairman of the chapter in 1947, 
and was a member of the executive committee of the 
Southern California Local Section of AIME in 1947 
and “48. He was elected to the Petroleum Branch 
Executive Committee in 1950, then to the post of 
Petroleum Branch vice-chairman in 1952. He assumes 
the Branch chairmanship on Feb. 15, 1954. 

He has also devoted much effort to a variety of other 
industry activties. A member of AAPG, he served as 
finance chairman for two of their national conventions 
in Los Angeles, and has served on the API Production 
Division General Committee for the past three years. 
He is the 1954 president of the Oil Club, which was the 
organizing group of the Los Angeles Petroleum Club, of 
which he is a member. He is also a member of the 
Midland Petroleum Club, the University Club of Los 
Angeles, Theta Xi, Gnome Club, and the Wildcats. 
He has the reputation of being a worthy adversary 
at gin rummy, dominoes and poker. 


Every year since 1949, John and Eleanor have 
gone fishing in the Gulf of Lower California. These trips 
have taken them to Guaymas, La Paz, Las Cruces. 
Matzatlan. Last year they flew to Matzatlan, fished a 
few days, then cruised west 210 miles across the Gulf 
in a 38-ft power boat. They have both caught the big 
ones marlin and sail fish — and the small ones such 
as tuna, yellowtail, grouper, dolphin, and red snapper. 
Eleanor is more of the fishing enthusiast than John: 
he fishes, but he also goes along for the Mexican sun 
and case of Carta Blanca. He tells of the trip last year 
when six people on the boat caught seven sails in one 
day, with him acting as bait-boy. However, he doesn’t 
tell about the time he fell out of the boat head first. 

As can be guessed from his many activities, John is 
a ubiquitous individual. He has the capacity to assimilate 
a variety of information and activities, and he has the 
reputation of getting results. The Petroleum Branch will 
prosper under his leadership. 

- Joe B. Alford 
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Explanation of 1953 Income and Expense 
for Petroleum Branch and AIME 


By Joe B. Alford 


General 

AIME accounting is Branch 
Approximately 96 per cent of the Institute income for 
1953 was produced directly by the three branches and 
directly to them. The remaining 4 per cent 
derived from sources pertaining to the Institute 
as a Whole. This portion was credited to the Branches 
on the basis of membership percentage (called mem- 
bership ratio), which existed at the end of 1952. This 
was 51 per cent to the Mining Branch, 25 per cent 
to the Metals Branch, and 24 to the Petroleum Branch. 
The Institute operates on a cash receipts basis. 

Che three Branches spent 63 per cent of 1953 expendi- 
tures directly on their own activities. The remaining 37 
per cent was spent by the Institute as a whole, and 
charged to the Branches on the membership ratio 
hy fe Fs 

Each AIME member is assigned to a Branch on the 
basis of his selection of a primary monthly journal; thus, 
Petroleum Branch members are those who receive 
JOURNAL OF PETROLEUM TECHNOLOGY. The Petroleum 
Branch had 4,988 members (excluding students) at 
the end of 1953. To secure the amount per member for 
any item in the income and expense statement, divide 
by 5.000 


executed on a basis. 


credited 
was 


EXPI 
ltem Number 
1.4 


ANATION OF INCOME 


Dues received on a current and arrears basis 
are from members already on record; new 
member dues and initiation fees are from 
members placed on record during 1953. The 

Petroleum Branch secured 34 per cent of the 
new member income of the Institute in 1953, 
and at the end of the year had 26 per cent 
of the Institute membership. 

Net income from advertising in JOURNAL O} 
PETROLEUM TECHNOLOGY. 

Sale of JOURNAL OF PETROLEUM 
subscriptions to non-members 
A portion of the income for Statistics Volume 
6 covering 1951. Total income from sales ot 
the volume was over $6,700 (remainder cred- 
ited in 1952 income). 
Income from sale of 
and reprints. 
Miscellaneous income from savings on Insti- 
tute cash and handling of various Institute 
funds. 

EXPLANATION OF EXPENSE 
Appropriations made to Local Sections from 
AIME headquarters to help finance their op- 
erations and pay travel expenses of delegates 
to the Institute Annual Meeting. 

Cost of operation of Petroleum Branch Office: 
includes a staff of four, rent, communications, 
supplies, and travel. 

This department in New York office handles 
membership activities, Local Sections, and 
meetings. For 1953 it was charged on the 
51:25:24 ratio, with addition of special activi- 
ties in the Dallas office. In 1954 it will be 
charged on ratio of 54:28:17 and the Dallas 
activities will be charged directly against the 
Petroleum Branch. 


TECHNOLOGY 


Petroleum Transactions 


JOURNAL OF PETROLEUM TECHNOLOGY 


16 The Engineering Societies Library is main- 
tained by a fixed 30 cents pel 
member of the founder societies, plus a vari- 

The AIME 

Fund of 
$106,000, income from this fund offsets 
the AIME The Petroleum Branch 

share of the net assessment was $1,604 or 32 

member 

fotal cost of Publishing JoURNAL OF PETRO- 

LEUM TECHNOLOGY in 1953. Includes $52,000 

plus for printing, distribution, rent, 

and operation; $9,000 in commission, 
and $4,000 in sales promotion. 

Cost of publishing annual Transactions, Sta- 

tistics, and Institute directory supplement and 

reprints sold. Charged directly to 


assessment of 


each 
James Douglas Library 
and 


able on each society year. 


owns the 
assessment. 


cents pel 


salaries, 


sales 


cost ol 
Branches. 
Institute Secretary's office, staff and travel. 
Petroleum Branch share of Institute total was 
only 18 per cent because the Institute main- 
tains a field secretary in Salt Lake City, none 
of which is charged to the Petroleum Branch 
[he Institute Business office handles all ac- 
counting, membership records, and _ service 
orders, and was charged to the three Branches 
on the 51:25:24 ratio. 

These items charged to the three Branches 


on the 51:25:24 ratio 


STATEMENT 
INCOME 


Members dues and fee 


AIME 
Total 


$304,344.75 
3,661.00 
32,672.24 
24,641.58 
$365,319.57 


Petroleum 
Branch 
$ 73,042.73 
884.72 
11,811.78 
7,577.52 
S$ 93,316.75 


1. Current 

2. Arrears 

3. New 

4. Initiation 
TOTAL 

Publications Sale 
5. Advertising (net 
6. Journals 


* 


7. Statistics Volumes 


S$ 45,960.81 
5,089.77 
3,223.87 
9,817.36 
3,534.56 

67,626.37 


$197,328.08 
28,758.25 
3,223.87 
26,698.24 
18,472.25 
$274,480.69 


8. Transactions Volumes 
9. Miscellaneous Sale 
TOTAL 
Other Income 
10. Non-Recurring Misc 
11. Dividends and Interest 


3,135.80 
429.28 
271.39 

3,836.47 

$164,779.59 


S$ 13,065.83 
1,788.62 
1,130.89 

15,985.34 
$655,785.60 


12. Miscellaneous 
TOTAL 
TOTAL INCOME 
EXPENSES 
Membership and Section 
4,663.06 
23,131.29 
10,746.23 
1,604.94 
40,145.52 


S$ 19,429.47 
58,749.83 
35,461.63 
6,687.15 

$120,328.08 


13. Local Sections 
14. Branch Offices 
15. Institute Activities 
16. Library Assessment 
TOTAL 
Publications Expenses 
65,423.67 
7,148.77 
12,223.92 
1,715.50 
1,919.98 
S$ 88,431.84 


$307,544.44 
20,049.81 
12,223.92 
7,523.43 
14,296.40 
$361,648.05 


17. Journals 
18. Transactions Volume 
19. Statistics Volumes 
20. Directory 
Miscellaneous 
TOTAL 
General and Administrative 
21. Secretary's Office 
22. Business Office 
23. Pensions and Related Expense 


8,697.54 
16,701.50 
5,198.44 
196.45 
2,036.97 
1,593.61 

$ 34,424.54 
$163,001.90 
$ 1,777.69 


$ 47,870.40 
69,589.70 
21,672.77 

826.69 
8,487.47 
6,639.98 

$155,087.01 
$637,053.14 
$18,722.46 


24. Insurance Expense 
25. Depreciation 
Miscellaneous Expenses 
TOTAL 
TOTAL EXPENSES 
INCOME OVER EXPENSES 
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Leo F. Reinartz 


AIME 


President 


1954 


r 
Tak to Leo F. Reinartz, the people who know him, 
and the men who work under him, and one trans- 
cending factor emerges — his devotion throughout his 
industrial career to a philosophy of teamwork and 
cooperation. 

It has been the idea he has carried during his 44 
years with Armco Steel Corp. — from chemist to vice- 
president in charge of mines, quarries, and special 
operating development. His philisophy has spilled gen- 
erously over into community life. Reinartz plans to 
bring that feeling for teamwork and cooperation to 
the AIME presidency. 


Couple this attitude with a quiet confidence and Leo 
Reinartz begins to take form as a concrete individual 
with reverence for the inquisitive mind and faith in 
the future of the steel industry. 


The day in 1909 when he came to Armco Steel 
was a big one for Leo Reinartz. He was a young man, 
fresh from Carnegie Institute of Technology. The years 
behind him had been important ones — filled with 
experience and learning. The years ahead would see 
him become open hearth foreman, superintendent of 
open hearths, assistant general superintendent, manager 
of the Middletown Division, and assistant vice-president. 
He held the position of manager for 21 years. 


Reinartz came from a large family. With five brothers 
and a sister, even the $35 per year tuition at Carnegie 
Tech presented problems. An odd assortment of jobs 
furnished the money for room, board, and books. In 
his freshman year Reinartz worked as conductor on 
a Pittsburgh streetcar. Later he was employed as a lab- 
oratory assistant and he also taught chemistry to nuns 
Summers he worked on a farm for a dollar a day. If 
it rained, Reinartz recalled, he wasn’t paid. 
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H.: was born in East Liverpool, Ohio, the son of a 
Lutheran minister. At the age of three he contracted 
polio and with his mother as’ an inspiration fought 
an uphill battle to regain the use of his muscles. He 
Started using the gym at the YMCA under special 
dispensation. A measure of his success is indicated by 
the fact that he made his high school track team 
as a high jumper and competed later in Armco Indus- 
trial track meets in the same event. 

A chat with Leo Reinartz leaves the impression that 
here is a man whose eyes are on the future. He has no 
use for the prophets of doom and feels that “the next 
50 years will bring marvels to the steel industry that 
will literally dwarf those of the last 50.” 

Reinartz also feels that the office of the presidency 
cannot be successfully carried out by one man. The 
phenomenal growth of the AIME makes it imperative 
that the Institute’s chief executive get help. 

“I plan to form a voluntary group to assist in spread- 
ing the Institute gospel to colleges and local sections. 
Right now, AIME interest among certain faculty mem- 
bers and student bodies is not as intense as it could be. 
If the AIME story is presented properly I am sure we 
can look forward to the growth of strong campus 
student chapters.” 

Reinartz maintains an interest in developments in 
steelmaking abroad as well as in the U. S. One plan 
for his term as AIME president is a trip to Europe to 
cement already good relations with engineers in England 
and on the Continent. 

He served as vice-president of the AIME from 1945 
to 1948 and has been a member of the Board of Di- 
rectors. He is a past chairman of the Iron and Steel 
Division, past chairman of the Membership Committee, 
and served for many years on the Physical Chemistry 
of Steelmaking Committee xk * 
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NEW EXPANDING SHOE PACKER 





40.6 sq. inches 
of the Packer 
and transmits 











HALLIBURTON’'S BEST FOR YOUR D 





Steel supports +— 


load to the Anchor.} 


comes out of hole intact... 


ADDS TO BIG ADVANTAGES OF 


HALLIBURTON’S 
HYDRO-SPRING TESTER 


Again Halliburton improves its Testing Service...this time 
with a new Expanding Shoe Packer that prevents extrusion 
around lower shoe and reduces considerably the amount of 
rubber left in hole. 

The new shoe also decreases the pulling and jarring needed 
to release packer, decreases amount of drag going in hole, and 
reduces number of mis-runs in over-sized holes. 

These big new benefits added to the remarkable perform- 
ance of Hydro-Spring Tester make Halliburton fourbles 
ahead in the testing field. Operators everywhere find Hydro- 

Spring features add up to sub- 
stantial savings in time, trouble, 
money. Now additional savings 
can be made at no extra cost by 
Halliburton’s new Expanding 
Shoe Packer that leaves less 
rubber to be drilled out of hole. 
Your drill stem test is mighty 
important, often determines the 
yy Soo * success of exploration or devel- 
opment drilling. Make sure you 
get the most modern test, the 
most accurate and complete 
data available... Halliburton’s 
Testing Service. It costs no 
more. So phone your local or 
district Halliburton office, just 
minutes away, or contact Halli- 
burton Oil Well Cementing 
Company, Duncan, Oklahoma. 


TESTIN G 


HALLIBURTON 


SERVIC 


RiLL STEM TEST 








Employment 





The JOURNAL will post notices of 
men and jobs available. Companies 
and AIME members are invited to 
use this space, for which there is 
no charge. Address replies to: Code 
(appropriate number.) JOURNAL OF 
PETROLEUM TECHNOLOGY, 800 Fi- 
delity Union Bldg., Dallas 1. Show 
return address on envelope. These 
replies will be forwarded unopened 
and no fees are involved. 


PERSONNEL 
@Petroleum engineer, 24, single, 
BS in petroleum engineering, Tulsa 
University, 2% years varied experi- 
ence, presently employed, desires po- 
sition with major or independent 
company with responsibility and 
chance for advancement. Code 207. 


Petroleum engineer, 29, married, 
BS in petroleum engineering, Texas 
Technological College, four years 
production, drilling, gas and geologi- 
cal experience, one year as reservoir 
engineer with prominent consulting 
firm. Desire position with independ- 
ent producer. Code 208. 


@Petroleum engineer, registered in 
Texas, seven years experience 
throughout Texas and New Mexico 
in production, drilling, and evalua- 
tion. Desires affiliation with aggres- 
sive small company or individual. 
Code 209. 


@Mechanical engineer, graduate of 
Dutch M.T.S., 1944, 18 years expe- 
rience with major oil company in 
Indonesia and Dutch New Guinea. 
Experienced in drilling practice on 
steam and power rigs, drilling and 
production equipment, and drilling 
engineering (bit performance, etc.). 
Migrating to Canada in early 1954. 
Looking for opportunity with drill- 
ing company or equipment manufac- 
turer. Prefer Alberta, Edmonton, or 
Calgary location, but will consider 
any. Code 210. 


Petroleum Geologist, 25, single, 
BS. Two years well logging experi- 
ence in West Texas and Florida. 
Seeks connection, foreign or domes- 
tic. Code 21i. 


@ Petroleum Engineer, 29, single. Re- 
cently released Army officer desires 
engineering position. Two years pe- 


troleum storage and tank farm main- 
tenance experience in Far East. 
Available for foreign or domestic 
employment. Code 212. 


POSITIONS 

@Principal New York City banking 
establishment seeking graduate in pe- 
troleum engineering, preferably with 
several years experience in the field, 
some practice in the estimation and 
valuation of oil and gas reserves. 
Position offers experience in apprais- 
ing oil and gas properties, financing, 
and financial aspects of petroleum in- 
dustry. Financial stability, opportun- 
ity for advancement excellent. Code 
559. 


$A state university in a major oil 
producing state in the South is ex- 
panding its petroleum engineering 
department. If you are interested in 
teaching and research and have an 
advanced degree in engineering or 
science with company experience, 
you should investigate this oppor- 
tunity. Please submit complete re- 
sume. Code 557. 





PETROLEUM OR 
RESERVOIR ENGINEER 


For New York office of major 
foreign producer. Proficient in 
mathematics with four or more 
years ,extensive experience in 
oil and gas reservoir engincer- 
ing On primary and secondary 
recovery problems. Duties will 
include preparation of basic 
field production and reservoir 
data for application in ana- 
logue and digital computors, 
performance of analytical 
analysis of field behavior and 
interpretation and preparation 
of resulting data for reservoir 
engineering reports on specific 
fields. 

Write giving full particulars re- 
garding personal history and 
work experience. Please include 
telephone number. 


RECRUITING SUPERVISOR 
BOX PT-1 
Arabian American 
Oil Company 


505 Park Avenue 
New York 22, N. Y. 
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Original Chairmen of 
Sections Founded in ‘53 


b Re | 

ORIGINAL CHAIRMEN OF NEW 
LocaL SECTIONS FOUNDED IN 1953 
ARE, TOP ROW: E. R. BROWNSCOMBE, 
DALLAS SECTION, AND Howarp R. 
Lowe, BILLINGS PETROLEUM SEC- 
TION. SECOND ROW: Harry D. CAmMp- 
BELL, SAN JOAQUIN VALLEY SECTION, 
AND JOHN A. RopGErRsS, MIsSISSIPPI 
SECTION. Bottom kow’ T. O. H. 
MATTSON, DENVER PETROLEUM 
SECTION, AND Route P. Dopsyns, 
NorTH TEXAS SECTION. 


Fohs Recognized As New 


Legion of Honor Member 

F. Julius Fohs, chairman of the 
Petroleum Division in 1925-26, is to 
be recognized as a new member of 
the AIME Legion of Honor at the 
New York meeting this month. 

Fohs has made many valuable 
contributions to the AIME during his 
50 years of continuous service: In 
1949 he was awarded the Petroleum 
Branch Certificate of Service. He was 
instrumental in establishing early 
committee activities paralleling those 
in use at present. He did much to 
persuade heads of major oil com- 
panies that participation of their en- 
gineers in the AIME forum for free 
interchange of ideas had benefits be- 
yond the prevailing idea of complete 
secrecy. 
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AMSTUTZ AND YATES, INC. 


Petroleum Engineers and Geologists 
Estimates of Oil and Gas Reserves 
Property Valuations, Reservoir Analyses 
Geologic Investigations 
406 KFH BLDG., WICHITA 2, KANS. 


CRUTCHFIELD AND PRUETT 
CONSULTING PETROLEUM ENGINEERS 
Wilson Tower 
CORPUS CHRISTI, TEXAS 


John W. Crutchfield Horton T. Pruett 





JAMES A. LEWIS 
ENGINEERING, INC. 


Petroleum Reservoir Analysts 


Dalles, Texas Evansville, Indiana 
Robinson, Illinois 


Owensboro, Kentucky Winchester, Kentucky 








PISHNY and ATKINSON 
Engineering and Geological Consultants 
FORT WORTH, TEXAS 
Chas. H. Pishny Burton Atkinson 








J. HOWARD BARNETT 
FETROLEUM CONSULTANT 


Casper National Bank Bldg. Phone 2-1753 


113 East Second St Casper, Wyoming 


DENTON-SPENCER 
COMPANY, LTD. 


Petroleum Engineers and Geologists 


Barron Bui'ding Calgary, Alberta 








B. ORCHARD LISLE 
Petroleum Technologist — Research Analyst 
SPECIALIZING IN 
MIDDLE EAST OIL 


260 Majestic Bid3. FOrtune 0165 
FORT WORTH 2, TEXAS 














ROBERT M. BEATTY 


Consulting Geologist 


Esperson Building Houston 2, Texas 


EARLOUGHER ENGINEERING 


Petroleum Consultants - Core Analyses 
Specializing in Secondary Recovery 
Investigations - Appraisals - Operations 
3316 East 21st St. 

TULSA 5, OKLAHOMA 
Phone: 9-6345 








MARTIN, WILLIAMS & JUDSON 
PETROLEUM CONSULTANTS 
Engineering - Geology - Management 
131 Central Bidg Phone 2-5216 
MIDLAND, TEXAS 
William H. Martin R. Ken Williams 
Edward H. Judson 








EASTON & SACRE 
Consulting Petroleum Engineers 
1560 Oak Street 
BAKERSFIELD, CALIFORNIA 
Phone 2-3934 











WAYNE L. McCANN 
Petroleum Engineering and Geology 
SHREVEPORT, LOUISIANA 
Slattery Building Phone: 2-8023 











W. RUSSELL BIRDWELL 


Consulting Petroleum Engineer 


PHONE 6-6601 BOX 1348 
Frontier Oil & Gas Bldg. 
McALLEN, TEXAS 


FITTING & JONES 
Engineering and Geological Consultants 
Ralph U. Fitting, Jr. 

J. R. Jones 
T. W. Hassell 
Natural Gas 

Box 1637 
Midland, Texas 


Petroleum 
233 S. Big Spring St 
Phone 4-445] 











M. M. MONTGOMERY 


CONSULTING PETROLEUM ENGINEER 
Valuations, Drilling, Well Completions, 
Production, Workovers 
Property Management 


Hapip Bidg. Williston, 
3-4642 North Dakota 











BRADLEY, OLIVER AND 
ASSOCIATES 
PETROLEUM CONSULTANTS 


Geology, Engineering and Management 


R. Wayne Russell 
H. Eugene Wright 
Bernard J. Esunas 
Walter A. Tynes 
Kenneth C. English 


903 Employers Insurance Building 
Dallas, Texas RAndolph-2241 


Robert J. Bradley 
Mac D. Oliver 
Virgil B. Harris 
Otis T. Griffin 
W. Ray Staples 


ROBERT D. FITTING 
Petroleum Consultant 
Enginsering and Geology 
MIDLAND, TEXAS 
202 West Building Phone: 4-4922 





JOHN A. NEWMAN 
Reserve Estimates, Property Valuation 
Reservoir Analysis 
319 Gulf Building Houston 2, Texas 




















JOHN G. CAMPBELL 


Analytical and Petroleum Chemists 
Podbielniak and Charcoal Analyses 
Waters - Oil Field Brines 
Field Sampling 
PHONE: 4-3071 CORPUS CHRISTI, TEXAS 


MICHEL T. HALBOUTY 


CONSULTING GEOLOGIST 
AND PETROLEUM ENGINEER 
Shell Building 


Houston 2, Texas Phone PR-6376 


NOWLAN-DODSON 
ENGINEERING, INC. 


Reservoir Analyses — Water Flood Projects 
atural Gas Engineering 
Gas Storage Reservoirs 
EVANSVILLE, INDIANA 
319 COURT BUILDING PHONE 5-8154 




















CHEMICAL & GEOLOGICAL 
LABORATORIES 


Investigotions 
Chemical Engineer 


Consultants Eva'uations 
James G. Crawford 
H. F. Summerford 
George W. Davis, Jr 
P. O. EOX 279 


Petroleum Geologist 
Petroleum Engineer 
CASPER, WYOMINS 


R. G. HAMILTON 


Electric Log Analyses 
log Analysis Conferences 
Distributor Arps-Hamilton Loganalyzer 
HAMILTON WELL LOG CONSULTANTS 
Wright Bld3 Ph. 3-7055; 7-1825 Tulsa 


OILFIELD RESEARCH 


Core Analysis — Evaluation 
Development of Water Flood Projects 
Operation of Water Flood Projects 


EVANSVILLE, INDIANA 
1907 Division Street 
PHONES: 6-5591 (Night, 6-4882 or 6-0608 




















E. W. HOUGH 
Emulsion and Paraffin Problems 
Box 7547 University Station 


Austin, Texcs 








H. T. OLSEN 
PETROLEUM CONSULTANT 
Engineering and Unitization 

914 Fidelity Union Life Building 


Dallas, Texas RAndolph 3746 
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Rates Upon Request 








PETROLEUM CONSULTANTS 


Engineering and Geology 
E. O. Bennett 
D. G. Hawthorn 
1552 Esperson Building 


James O. Lewis 
M. D. Hodges 


Houston 2, Texas 








KELLER & PETERSON 


Petroleum Consultants 
Reserve Estimates eservoir Analysis 
Petroleum and Geological Engineering 
902 W. T. WAGGONER BLDG. 
FORT WORTH, TEXAS 
Phone: FOrtune 4340 
W. O. Keller L. F. Peterson 








ERNEST K. PARKS 


CONSULTING PETROLEUM ENGINEER 
Planning, Direction and Examination of 
Oilfield Operations, Estimates of Oil and 
Gas Reserves, Oil Property Valuation 
306 N. Cliffwood Ave., Los Angeles 49, 
California 


Telephone: Arizona 34832 








HARRY H. POWER 
PETROLEUM AND VALUATION ENGINEER 


Box 1542 University Station 
Austin, Texas 








E. E. REHN 
Consulting Petroleum Geologist 
Oil Exploration 
Wood Building, 624 Locust Street 
EVANSVILLE, INDIANA 








SOL SMITH 
CONSULTING ENGINEER 
PETROLEUM AND NATURAL GAS 
Reserves Deliverability 
Oil and Gas Proration 
913 BROWN BUILDING 
AUSTIN, TEXAS PHONE: 8-9498 








WM. H. SPICE, JR. 
Consulting Geologist 
2101-03 Alamo National Building 
SAN ANTONIO 5, TEXAS 














TRAFFORD & ASSOCIATES 


Geological, Petroleum Engineering and 
M +c PEA 

E. Trafford 

R. Pot 

P. Klaui 





Phones 

Wales Hotel Bldg. 61212 
10th Floor 61224 
Calgary, Alberta 63132 


Texas 











Proposed for Membership, Petroleum Branch 





Total AIME membership on Nov. 31, 1953, 
was 19,562; in addition 2,067 Student Associates 
were enrolled. 


Encino — Glasser, Irwin M. (C S-A-M) 


Falfurrias 
(C/S-A-M). 

Fort Worth Nickerson, Kenneth Wesley 
Jr. (C/S-A-M). 

Houston Battle, Joel Allen, Jr. (M); 
Hobbs, Melvin X., Jr. (J); Miller, Rich- 
ard Kirk (C/S-A-M); Watson, Joseph 
Presley, Jr. (C/S-A-M); Wise, Don Tor- 
rance (M). 

Midland — Russell, Maynard Winslow (M) 

Odessa Bolick, Max Augustus (M). 

Williams, Roger James (R,M). 

Pineland Cammack, Van Rudolph (J). 


Wichita Falls Duncan, Bill (A); Har- 
mon, James Arthur (J). 


Lowe, John Percy, J: 


PETROLEUM BRANCH ADMISSIONS 
COMMITTEE 
J. H. Sutiivan, Chairman; Thomas S. Bacon, 
Vice-Chairman; A. E. Caraway, Frank C. Kel- 
ton, Thomas E. Morton, and F. C. Prutzman. 


INSTITUTE ADMISSIONS COMMITTEE 


O. B. J. Fraser, Chairman; Philip D. Wilson, 
Vice-Chairman; F. A. Ayer, A. C. Brinker, R. 
H. Dickson, Max Gensamer, Ivan A. Given, 
Fred W. Hanson, T. D. Jones, G. W. Lutjen, 
E. A. Prentis, Sidney Rolle, J. T. Sherman, 
F. T. Sisco, and R. L. Ziegfe'd. 

The Institute desires to extend its privileges m 
to every person to whom it can be of service, Utah 
but does not desire as members persons who Sa't Lake City 
are unqualified. Institute members are urged to ris (R, M). 
review this list as soon as possible and immedi- 
ately to inform the Secretary's office if names Wyoming 
of people are found who are known to be un- Baroil Hee‘ter, William Haynes (J). 
qualified for AIME membership. Rock Springs — Sanna, Joseph John (R, 

In the following list C/S means change of C/S-A-M). 
status; R, reinstatement; M, Member; J, Junior 
Member; A, Associate Member; S, Student 
Associate. 


Overton 


Woodward, Warren Mor- 


Indonesia 


Dijakarta, Java Arnold, Harry Harding- 
ton, Jr. (R, C/S-J-M). 

Arkansas 
El D rad> Ves.a', 
Little Rock 


Mexico 
Merico, D. F. 
(M). 


Jack Herring (M). 
Ogiesby, Gayle Arden (J). Lozano Vistuer, Eduardo 
California 
Los Angeles Venezuela 
(M). > 
Senta Paula Newton, Vernon Clayton FS none 
(J). arbo 


Bates, William F. (M). 


Adams, Frederick Phelps 
Walter, Hartwell Preston (M). 

Baldwin, Robert Wilton (M); 
Lebourgeois, Guy Francois (M). « *« * 


Ventura 
Colorado 
Denver Fentress, George H. (C/S-A-M); 


Hogan, Thomas Morrissey (M); Ross- 
man, Charles Clayton (C/S-A-M). 


Illinois 
Edwardsville 
(M). 
Robinson 


Vallette, Julian Loomis 


Robb, Graham Raymond (J). 


New Iberia Radack, Edmund Andrew CON Vv | 
(M). 


Louisiana 


New Orleans Ashby, William Howard, 
Jr. (R, C/S-J-M); Haymon, Elmer Den- 
nis (M). 

Shreveport 


C/S-A-M) 


IN DOWNTOWN 


LOS ANGELES 
7 Dy ee 


McCann, Wayne L. 


Minnesota 
Duluth Spurbeck, George Bowers (M). 
Montana 
Biilings Porter, Vance Benge (J). 
New Mexico 
Hobbs Davis, Hubert Edward (J); Spi- 
dell, William Harry (J). 


=< =-288RR4 


New York 
Pelham McMillan, Wallace Angus (M). 
Ohio 


Findlay Ward, Edward Paul (M). 


Oklahoma 
Bartlesville 
(M). 
Oklahoma City 
(C/S-A-M); 

(R, J). 

Tulsa Andrews, Lewis Elward (J); Bel- 
lamy, Robert Benton (J); Cook, Court- 
ney Edward (J); Pierce, A‘bert Reynolds 
(J); Wilson, Connie L. (C/S-A-M); Wil- 
son, David Albert (C/S-A-M). 


Crawford, Francis Weldon 


Patty, Duncan Victor 
Waag, William Robert 


426 SOUTH HILL STREET 


555 BEAUTIFUL ROOMS 
ALL WITH BATH 


-trrom $3.50 


@ Coffee Shop 
@ Dining Room 
@ Cocktail Lounge 


Pennsylvania 
Pittsburgh 
State College 


Bandy, Eugene Michael (J). 
Paez, Jose Gregorio (J). 


tbilene Hines, Robert Wilson (M); 
Hucklebridge, William Harrison (A); 
Wooldridge, Joe Howard (M). 

Athens Orr, Willis Poindexter (M). 

Bellaire Bednarski, Valery Nicholas (M): 
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you 

save 

when 

you 

log 

as 

you 

drill 

with 

Geolograph! 
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Geolograph always points the way to increased efficiency 
because it gives a detailed record of the time spent in 


each drilling operation! That's why you save when you 
log as you drill with Geolograph! 


GEOLOGRAPH 


MECHANICAL WELL LOGGING SERVICE 
P.O. Box 1291+ Oklahoma City 1, Okla. 


Farmington, New Mex. * Liberal, Kan. * Oklahoma City, Okla. * Bakersfield, Cal. 
Abilene, Houston, Odessa, Lubbock and Wichita Falls, Tex. * Shreveport, and 
Baton Rouge, La. * Casper, Wyo. * Glendive, Mont. * Sterling, Colo. * Calgary 
and Edmonton, Alberta, Canada * Regina, Saskatchewan, Canada 
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Reservoir Engineering 


Pressure Measurement 
Complete 


Ask for Ne ATALOG 


Volumetric Pumps 
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Core Analysis 


Ruska Instrument Corporation 
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To keep gupply 
cloger to demand 





/Maqeobar hag opened 
a new Barite plant 
at New Orleans 


mup WEIGHT, 
von O1L WELL ORIEE 


‘ 


Located on the Industrial Canal at New Orleans, 
this new Magcobar barite plant is strategically 
located to draw raw materials from throughout the 
entire world to meet future needs of the drilling 
industry. Close to Gulf Coast drilling activity on 
land and offshore, this new plant will enable 


DRILLING MUD SERVICE Magcobar to supply highest quality barite to the 


DEALER industry at minimum transportation costs. This 
plant is another step by Magcobar in supplying 


the oil industry with highest quality drilling mud 


MAGNET COVE BARIUM CORPORATION at the lowest possible cost. When you need mud, 
One OF THe panseen sepustents call your Magcobar Dealer. There are more than 


HOUSTON, TEXAS 400 in the United States and Canada. 


MAGCOBAR * MAGCOGEL «+ HIGH YIELD + XACT CLAY «+ SALT GEL «© MY-LO-JEL 
MY-LO- JEL PRESERVATIVE * ORISCOSE + MUD FIBER «+ CELLO-SEAL « FIBER SEAL 
MAGCO FIBER + LEATHER FLOC * MAGCO MICA © JELOI MUD « JEL-O “E” 
E’ CONCENTRATE + NOWEEV «© TANNATHIN «¢ RED OX LIQUID « ALKATAN 
QUEBRACHO «+ KEMBREAK « MAGCOPHOS « CHEMICALS 
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FLASH-WELD 
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EXPERIENCE ... years ahead of the field, Hughes Tool Company 


developed and perfected the Flash-Weld process for unitizing drill stems. In 1938, Hughes 


made the first Flash-Weld string. In the past fifteen years approximately one million Hughes 


Flash-Weld Tool Joints have been used in unitizing 30 million feet of drill 
pipe. This is more than enough to equip every rotary rig in the world with 
a complete drill string. 

When you specify HUGHES Flash-Weld Tool Joints you get the industry's 


greatest Flash-Welding experience. 


FLASH-WELD 


A DEVELOPMENT 
Or 


TOOL COMPANY 


HOUSTON, TEXAS 





